,STIC-ILL 



From: Romeo, David 

Sent: Tuesday, November 10, 1998 4:09 PM 

To: STIC-ILL 

Subject: 08/981 ,559 Brakebusch C; Nophar Y; Kemper O; Engelmann H; Wallach D 



Borrower's Name 

Org or A.U. ... 1646, Mailbox, 10E18 
Phone 
Serial Number 
Date of Request 
Date Needed by 



David Romeo 
1646, Mailbox, 
305-4050 
08/981, 559 
10 November 98 
17 Nov 98 



PLEASE COPY REFERENCE 

AU Brakebusch C; Nophar Y; Kemper O; Engelmann H; Wallach D 
TI Cytoplasmic truncation of the p55 tumour necrosis factor ( 

***TNF*** ) receptor abolishes signalling, but not induced shedding 
of the receptor . 
SO EMBO JOURNAL, (1992 Mar) 11 (3) 943-50. 



1 



Cytoplasmic truncation of th p55 tumour necrosis 
fartor (TNF) receptor abolishes signaiiing, but not 
'Induced shedding of the receptor 



Cord Brakebusch, Yaron N phar. 
Oliver Kemper, Hartmut Engebnann and 
David WaHacli 

The DqMrtmem of Motcculir Genetics and Virology. The Wetzmum 
Institute of Science. Rehovot. hrwcl 76100 

Communicaied by S.Fuchs 

The mechanistic relationship between the signalling for 
the TNF eCTccts by the human p55 TNF receptor (hu- 
p55-TNF-R) and the formation of a solubk form of the 
receptor, which is Inhibitory to these effects, was explored 
by examining the Tinction of C-terminally truncated 
mutants of the receptor, expressed in rodent cells. The 
'wild-type* receptor signalled for a cytoddal effect when 
cross-linked with specific antibodies and exhibited 
spontaneous sheddii^. Shedding of the receptor was 
not affected by TNF but was markedly enhanced by 
4/3-phorbol-12-myristate-134K;etate (PMA). Receptor 
mutants with 53%, 83% and 96% C-temtinal deletkm 
could not signal for the cytocMal effect. Furthermore, 
they were found to associate with the endogenous rodent 
receptors, interfering with their signalling. Yet even the 
deletion of 96% of the Intracellular domain dkl not 
abolish sheddhig of the receptor in response to PMA. 
These findings suggest that signalUng and shedding of the 
p55 TNF-R are mechanistkally distinct. 
Key words: receptor mutants/sheddtng/soluble receptors/ 
structure -function relationship/TNF receptor hu p55 



Introduction 

TunxHir necrosis factor (TNF), a pro-inflanimatory cytokine 
produced primarily by mononuclear phagocytes, contributes 
to the defence of the host against pathogens as well as to 
various detriniental manifestations of inflammation through 
a variety of different effects on cell function (Old, 1990; 
Beutlcr and Ccrami, 1989). Tl»ese effects arc initiated by 
the binding of TNF to specific, high affmity receptors, whk:h 
are expressed on the surface of most kinds of cells (Baglioni 
et a/.. 1985; Aggarwal et qL, 1985; Bcuflcr et qL, 1985; 
Kull et qL « 1985; Tsujimoto et ai , 1985; Israel et ai , 1986). 
The receptors provide the intracellular signals for cell 
response to TNF (Engelnuinn et ai , 1990a). Two molecular 
species of the TNF receptors (TNF-Rs), expressed difFeren- 
tially in different types of cells, have been identified 
(Engelmann etai, 1990b; Brockhaus et ai, 1990). Both 
exist also in soluble forms (Engelnuinn et al , 1989, 1990b; 
Olsson etal, 1989; Seckinger etal. 1989), which are 
derived proteolytically from the cell surface receptors 
(Nophar etai, 1990; Porteu and Nathan, 1990; Poneu 
et al, 1991). The soluble forms of the TNF receptors 
specifically bind TNF, and thus, by competing for its binding 
t *iK cell surface TNF-Rs, may function as inhibitors of 



TNF activity (Engelmann et al , 1989, 1990b; Olsson et al , 
1989; Seckinger et al, 1989). Their formation in \itro is 
enhanced by cenain stimulatory agents, including the tumour 
promoting phorbd diester 40-phorbol-12-myristate-13-ace- 
tatc (PMA), and the chemotactk peptide formyl-mcthio- 
nine-leucine-phenylaianine (in granulocytes) (Porteu and 
Nathan, 1990; Lantz et ai. . 1990; Kohno et al. , 1990). Their 
serum concemrations increase dranuitkrally in various 
diseases (Aderka et al, 1991 and unpublished data), quite 
probably as a conscqueiKre of cell exposure in \ivo to such 
stimuUnts. 

Little is known of the mechanisms of signalling, protein 
cleavage and membrane trafTkrking whkrh take part in TNF-R 
function, or of the extent to which these different activities 
are interiinked. The recent cloning of the cDNAs for the 
two TNF receptors (Heller et al , 1990; Loetscher et al , 
1990; Nophar era/.. 1990; SchaU era/., 1990; Smidi era/., 
1990) has provkied access to strxicture-functkm analysis of 
the mechanisms of actkm aiKl nxxfailatkm of these receptors. 
In the present study, we explored the mechanistic relation- 
ship between the signalling activity and the inducible 
shedding of the p55 TNF-R by examining the effect of 
cytoplasmk truncation of the receptor on these activities. 

Results 

SSfynaMip for (fw cytockUd wffBct of TNF kt todsnt 
co9$ by Cransfvcfstf /luman |i5S TNF fBO^ptotB 

In order to klentify the structural elements in the p55 
TNF-R specifically involved in the mediation of distinct 
activities, muuted forms of this receptor were created and 
expressed in cultured cells. SitKC most cell lines express TNF 
receptors, it was necessary to find a way of distinguishing 
between the activities of the receptors encoded by the 
expression constructs and those endogenous to the cells. 
Cross-linking the pS5 receptors by antibodies recognizing 
their extracellular domain triggers their sigrudling activity 
(Espevik etal, 1990; Engelnumn era/., 1990a). We 
therefore expressed the hunum p55 receptor in rodent cells 
and used specific antibodies with the aim of triggering these 
receptors selectively, without affecting the receptors 
endogeno>is to the rodent cells. 

After deletion of large parts of the 3' and 5' non-coding 
sequences, the cDNA for the hunum p55 TNF receptor (hu- 
p55-TNF-R) was introduced into the pMPSVEH expression 
vector, under the control of the myeloprolifenitive sarcoma 
virus promoter (Artelt et al , 1988) and co-transfected with 
an expresskm vector encoding the neomycin resisunce gene 
into cells of the murine A9, L929 and NIH 3T3 lines and 
of the hamster BHK line. Cells constitutively expressing the 
transfected vectors were selected by growth in the presence 
of G418. As controls, cells transfected with the neomycin 
resisuuK:e vector alone were selected by the same procedure. 
A large proportion of the clones co-transfected with the 
vector containing the wild-type (or mutants, see below) 
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Flu. I. Cytocid'l elTccu of rebbh imiieniin igaiiM the hu-pSS-TNF-R (kft panH), ind murine monoclonal tmibodiet agiinM the recqnor (rigM 
panel) in HeLi cells (O), A9 cells (□) and A9 cells expressing the wild type hu-pSS-TNF-R (■). The amisenim, or the monoclonal antibodies 
(numbers 18 and 20. Engelmann n al.. 19906). were applied simultaneously wHh CHI (30 ^/ml in the A9 cells and 2S ^g/ml in the HeU cells). 
The two monoclonal antibodies were applied in equal amounts, lo the concennaiion ipeciried in the Tigure. 
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Fig. 2. Response of the NIH 3T3 and BHK cells (O) and of thoK same cells when eRpressing the wild type hu-pS5-TNF-R (• ). to the 

cyiocidal efTect of monoclonal antibodies against the hu-p55-TNF-R (Ml panels) and of TNF (riRhl panels). The assay was performed as in 
FiRurc I. 
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hu-p55-TNF-R cDNAs (> 50% of the 25 -50 clones picked 
up from each transfected culture) showed a significant 
ncrease in TNF binding, up to 10*fold that observed in the 
non-transfected cells, indicating effective expression of the 
cDNAs. However, TNF binding by cells transfected only 
with the neomycin resistance vector was indistinguishable 
froin the binding observed in the non-transfected ceils. Cells 
showing highest TNF binding were chosen for further 
analysis, testing at least three and in nnost cases more than 
five clones for each DNA constmct. 

Effective cross linking of the p55 TNF receptors in order 
to trigger their signalling activity can be achieved with 
polyclonal antisera or by simultaneous application of two 
different nxmoclonal antibodies each recognizing different 
epitopes in the extracellular domain of the receptor 
(Engelmann et al. , 1990a). While in the human HeLa cells, 
antibodies against the TNF receptor induced a pronounced 
TNF-like cytocidal effect (Figure 1), in non-transfected 
murine A9 cells, which are equally sensitive to the cytocidal 
effect of TNF, rabbit antiserum against the hu-p55-TNF-R 
had ony a slight effect (Figure 1, left panel), and mouse 
monoclonal antibodies had no effect at all (Figure 1 , right 
panel). The antibodies had no effect either in control- 
transfected cells expressing only the neomycin resistance 
gene (not shown). In contrast, both the polyclonal and 
monoclonal antibodies had a strong cytocidal effect on A9 
cells in which the hu-p55-TNF-R was expressed, comparable 
to their effect on the HeLa cells (Figure 1). Similarly, the 
monoclonal antibodies against the hu-p55-TNF-R were 
markedly cytocidal to L929, NIH 3T3 and BHK cells 
expressing the hu-p55-TNF-R, though no such effect could 
be observed in the non-transfected cells, nor in cells 
expressing only the neomycin resistance gene (Figure 2. left 
panels, and data not shown). Comparison of the response 
to the antibodies in different clones of the transfected cells 
(3-20 clones of each transfected line) revealed a rough 
proportionality between the extent of response and the extent 
of expression of the transfected receptors, as reflected in 
binding to the cells. Thus, in a given experiment, 
applying the rabbit antiserum at a dilution of 1 :2500 to cells 
of seven different transfected A9 clones, exhibiting increased 
TNF binding of 0.5.fold, l.S-fold, 3.3-fold, 5.6-fold, 7-fold 
and 12-fold (above the binding of 510 CPM measured in 
the control cell cultures, expressing only the neomycin 
resistance gene), resulted in death of 7, 25, 43, 52, 87 and 



92% of the cells, respectively. These findings indicate that 
the human receptor provides signai(s) which arc sufficient 
to elicit an effective response in rodent cells. 

Another reflection of the ftinctionality of the hunum 
receptors in rodent cells was an increased response of the 
transfected cells t TNF itself. This increase was barely 
detectable in the A9 and L929 cells, which are highly 
sensitive to the cytocidal effect of TNF, but was highly 
significant in the NIH 3T3 cells, and in the BHK cells, which 
normally respond rather pooriy to TNF cytotoxicity 
(Figure 2, right panels and data not shown). Expression of 
the neomycin resistance gene alone had no effect on the 
response of the cells to TNF (not shown). 

Lo9$ of M^gnttktQ BCtMty In tfunc9t0d fonttB of (fw 

OT IFWM IFUnCSfVO IDflFIV ivfin IM 9nooQ9nou§, 

fu§49ngth mourn rwc9$fton 

Since the functional regions in the intracellular domain of 
the p55 TNF are not known, a choice of mutant receptors 
whose intracellular domains were truncated by -53%, 83% 
and 96% (mutants A:310-426, ^:244-426 and A:2]5-426, 
respectively, in Figure 3), was made arbitrarily. cDNAs 
encoding the truncated receptors, generated by introducing 
stop codons into the coding region, and fused with the 
myeloproliferative sarconui virus promoter, were expressed 
in the murine A9 cells (see Materials and methods). 

Cells expressing either one of ttie receptor mutants showed 
increased TNF binding, comparable in extent to that in cells 
expressing the wild-type receptor. Also, the affinities of the 
expressed mutant and wild-type receptors to TNF were 
similar. Thus, analysis of TNF binding to ceils of A9 clones 
expressing the wild-type hu-p55-TNF-R receptor, or the 
A:3ia426, the A:244-426 or the A:21^426 receptor 
mutants, showed that the number of receptor sites per cell 
in these clones were 8070, 10 500, 3600 and 14 900, 
respectively, and their affinity for TNF were 2.8 db 0.21 
X IC'** M, 5.3 ± 0.61 X 10"'® M, 7.2 ± 2.36 x 
10- '® M and 6.8 ± 0.92 x 10"'® M respectively. The 
mutant receptors also focilitated TNF uptake and degradation 
in the A9 cells, although at a lower rate than that of the fiill- 
lengdi receptors, proportionally to the degree of receptor 
truncation (data not shown). 

To obtain information on the signalling activity of the 
truncated forms of the hu-p55-TNF-R, we determined their 



Extracellular 



T.M. 



Cytoptasmic 




+ + 



+ + + — + 



FIk. 3. Structure of the wild-type human p55 TNF receptor and its mutants and a summary of their activities, kons depicting the fiill length and 
truncated forms of the human p55 TNF-R. A summary of the data on the activities of the wiW-«ypc and mutani receptors is presented in the right 
hand columns. A plus sign indicates activity reuined. and minus indicates activity lost. 
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n«. 4, Cytocidal effects of monoclorat amibodies against the hu-p55-TNF-R (left) and TNF (riiehl). in A9 cells (•). in A9 cells expressing the 
wild-type Ku-p35-TNF-R (■) and in A9 cells expressing the cytopbsmic deletion mutante of the hu.p55-TNF-R (A:.1I(M26. ■; A:244426. 11: 
15-426. C). The assays were perfonned as described for Figure 1. 

ability to elicit a cytocidal effect upon cross-linking with anti- 
rcccptor antibodies. While having a pronounced cytotocidal 
effect in the A9 cells which express the full-length hu- 
p55-TNF-R, the antibodies had no effect at all on cells 
expressing any of the three truncated forms of the receptor, 
suggesting that these truncated forms are not functional 
(Figure 4, left panel). Furthermore, testing the effect of TNF 
itself we found that, in contrast to the full-length hu- 
p55-TNF-R, whose expression increases the sensitivity of 
cells to TNF, the truncated forms of the receptors decreased 
the sensitivity to the cytocidal effect of TNF. This decrease 
in sensitivity was observed in multiple clones of A9 cells 
expressing any one of the truncated forms of the receptors 
(Figure 4, right panel) at a degree which seemed roughly 
proportional to the extent of receptor expression (not shown). 
To confirm that the lowered response indeed reflects an 
inhibitory effect of the truncated receptors on the endogenous 
rodent receptors, the effect of TNF was examined also in 
the presence of antibodies to the hu-p55-TNF-R, known to 
inhibit TNF binding to it (see Figure 2 in Engclmann ei aL , 
1990a). As shown in Figure 5, when treated with these 
antibodies, cells which exptess the truncated receptors 
recovered their sensitivity to the cytocidal effect of TNF. 

The inhibitory effect of the truncated hunuin receptors on 
the response of the A9 cells to TNF indicated that they 
interact with the endogenous murine receptors, interfering 
with their function. More direct evidence for this interaction 
was obtained in an SDS - PAGE analysis of the sire of the 
truncated receptors, immunoprecipitatcd using antibodies 
against the hu-p55-TNF-R from extracts of transfected cells 
whose receptors were tagged by cross-linking to radiolabelled 
TNF (Figure 6). Although the antibodies used for the 
inununoprccipitation recognized specifically the receptors of 
human origin and thus did not precipitate TNF receptors 
from extracu of non-transfected A9 cells (compare lanes I 
and 2 in Figure 6), when applied to extracts of A9 cells which 
express the mutant hu-p55-TNF-Rs, they did precipiute 
some of the murine receptors along with the human 
receptors. The latter were easily distinguishable by their fuK 
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Fif. 5. Treating A9 cells expressing mutant hu-p55-TNF-Rs with 
antibodies to the hu-p55-TNF-R restores sensitivity to the cytocidal 
effect of TNF. The cytocidal effect of TNF. applied together with 
CHI (90 ^g/mt) to A9 cells (top pmH). to A9 cells expressing the 
^:3t(M26 mutant (mlddte pmri) and to A9 cells expressing the 
4^:215-426 mutant (bottom panH), ww examined in the prpjience 
(solid symbols) and absence (empty symbols) of amibodies to the 
hu-p55-TNF-R (monoclonal antibodies 18 and 20. tO ^g/ml of each). 
Similar wnsitiiation by the antibodies lo the cytocidal effect of TNF 
was obwrved in A9 cells expressing the A:244-426 mutant. 

length (lanes 3-6 in Figure 6B, particulariy evident in 
lane 6). Longer exposure of the autoradipgrams of the 
immunoprecipitated proteins analysed by SDS -PAGE also 
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SOS-PACE «-y.U Of ft.H.J«*h«-^^^^^ X'aVA'?:^:^^,^.'!^^^!;^ 
immunoprccipMMd from cell e»trictt *•* "^J*^ <j^^ ,«um. (6) A9 odk expreuing ihe A:215-»26 

either one or two hbetled TNF molecule*. « deiMed *.* wild mcmt !^."?,^J^^ ^hoK siie 

TNF nwfiomcT, and to ihc cratt-linked *mct» md mmcri of TNF (17, 34 «nd 51 kDi) by rtipp-ed imw. 

revealed slowly migrating labelled bands ^^'^^J^j^^ 
suspected, by their size, to consist of hctrotrinners composed 
of the murine receptor, the human receptor and TNF, cross- 
linkcd to each other (upper parts of the gels in Figure 6). 
These observations suggest that the TNF receptors exist m 
aggregates containing receptors of both human and murine 
origin. In accord with this, lowering the pH of the cell 
extracts prior to immunoprecipitaiion, to dissociate non- 
covalently linked receptors, resulted in decreased ptwpit a- 
tion of the murine, but not of the human receptors (compare 
panels A and B in Figure 6). Conceivably, the aggregation 
occurs in response to the TNF, which was applied to the 
cells for ugging the receptors. 

SPmk^ of the M-hngth end tnmeated fonrn of the 
human pSS TNF receptor by the rodent c«i» 

The formation of a soluble form of the hu-p55-TNF-R m 
A9 cells expressing the full-length human receptor was 
examined using an immunoassay. Slow, spontaneous 
shedding of the hu-p55-TNF-R was observed which was not 
increased by application of TNF, but was markedly enhanced 
when the cells were treated with the tumour promoting 
phorbol dicsicr 4^-phorbol-I2-myristatc-I3-acetate (PMA) 
(Figure 7, upper panel). PMA was reported to down-regulate 
the expression of the cell surf^acc TNF receptors (Holtmann 
and Wallach, 1987; Unglaub rt a/., 1987). The kinetics of 
decrease in cell surface TNF receptors in cells treated with 
PMA correlated with the formation of the soluble form of 
these receptors (compare upper and lower panels in 

Figure 7). Both showed significant changes withm a few 

minutes of application of PMA, indicating that the effect of 

PMA on formation of the soluble receptors docs not reflect 

an enhancement of synthesis of the TNF receptors, but 

stimulation of their proteolytic cleavage. Indeed, the effect 

of PMA could not be blocked by inhibiting protein synthesis 

in the A9 cells using cydoheximidc (not shown). 
HcLa cells exhibit a similar sponuneous shedding of the 

p55-TNF-R which is also enhanced by PMA and not affected 

by TNF (not shown). . u 

Study of the formation of the soluble form of the hu- 

p55-TNF-R in A9 cells expressing the tnincated receptors 




Fta. 7. Kinrtict of ihe rete»e of the wlubte form of the hu-p55- 
TNF-R (ypper panel) and of ihe decreise in expression of cell surficc 
TNF-Ri (kmer pml) in A9 celh exprcsiing the wiW-type »wnttn 
receptor. wiUwui xWrtion (C K or tfter treatmeni with PMA (32 nM. 
■ ) or TNF (I nM. C ). After incobrtion for the indicitcd time 
periods, Ihe concenmttion of (he soluWc forjn of the hu-p55-TNF-R in 
UK culture tncdi. «id specific landing of '^''l-Ubelkd TNF lo the cells 
were quwtiried at described in Materials and method*. TNF. at a 
concentrMion of I nM. did not interfere with Ihe irnmunowsay of the 
noluMc TNF-R. 
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Fix. S. Receptor shedding (upper panel) and TNF binding (towtr 
panel) in HeLa cells and in A9 cells expressing the wild-type or 
cytoptasnuc deletion muum hu-p55-TNF-Rs. The amounts of the 
soluble form of the hu-p55-TNF-R in the culture media and the 
speciHc binding of *^^Mabelled TNF to the cells were quantifled as 
described in Materiab and methods after 2 h incubation of the cells i 
37*C in the presence or absence of PMA (32 nM). 



revealed, in all, sponuneous shedding of the receptor and 
enhancement of the shedding with PMA, associated with a 
decrease in the anrKxinu of the cell surface receptors 
(Figure 8). Neither the spontaneous shedding of the receptor, 
nor the extent of iu enhancement by PMA, seemed to be 
affected by the extent of cytoplasmic truncation of the 
receptor; values were roughly proportional to the amounts 
of human receptor expressed by the particular clone 
examined (compare Figure 8 upper and lower panels). 



Discussion 

Expression of the human p55 TNF receptor (hu-p55-TNF- 
R) in rodent cells provides a convenient system for exploring 
its mechanisms of action. As recently disclosed by the 



cloning of the cDNA for the hu r?5-TNF-R (Loetschcr 
er aL , 1990; Nophar et al , 1990. «:hall et at. , 1990) and 
of the cDNAs for the rat and mouse p55-TNF-Rs (Himmler 
^o/., 1990; Barretts a/.. 1991; Lewis ah/., 1991), there 
is considerable conserv ation of structure between the human 
and rodent receptors. Consistent with that, there is no species 
specificity barrier for at least part of the receptor functions. 
The mouse receptor binds human TNF with an affmity 
similar to that of the human receptor (Lewis et a/., 1991) 
and, as demonstrated in the present study, the human 
receptor can signal a cytocidal effect within rodent cells and 
is subject, just as in human cells, to both spontaneous and 
inducible cleavage. The human and rodent receptors are, 
however, immunoiogically distinct. The antigenic differences 
between the receptors on the one hand, and the lack of 
species specificity in their function on the other, permitted 
us to examine the function of mutant human receptors by 
expressing them in rodent cells and to difTerentiate between 
their function and that of the endogenous receptors, using 
mimetic antibodies specific to the human receptors. 

In the present study, by expressing mutants of the 
hu-p55-TNF-R in rodent cells, we studied the effect of 
cytoplasmic truncation on two different activities of this 
receptor: signalling for the cytocidal effect of TNF and 
cleavage of the receptors which rcsulu in formation of their 
soluble forms. Our findings, which are summed up in 
Figure 3, relate to two central questions regarding the 
function of the TNF receptors. Firstly, how do the TNF 
receptors signal intracellularly to induce the effects of TNF? 
Secondly, what is the relationship between the formation of 
the soluble forms of the TNF receptors and other activities 
of these receptors— more specifically, is the generation of 
the soluble receptors a 'side product' of the signalling for 
the effects of TNF or is it a product of mechanisms which 
are specific for the production of these soluble forms? 

C-terminal truncation of the intracellular domain of the 
hu-p55-TNF-R by 53% abolished its signalling activity. Yet 
even further truncation, by as much as 96% of this domain, 
did not prevent the shedding of the receptor in response to 
PMA. The effects of cytoplasmic deletions on the signalling 
activity of the receptors indicate that the signalling activity 
resides in the cytoplasmic domain of the receptor, thus 
distinguishing the p55 TNF-R from receptors like that of 
IL6, which transduce its signals to the cell interior 
indirectly— not by its own intracellular domain, but by the 
intracellular domain of an effector molecule associated with 
this receptor (Taga et al, 1989). 

What signals the TNF-Rs generate are not known. 
However, characterization of the way TNF-likc effecu are 
initiated by antibodies against the p55 TNF-R (Espevik 
et a/., 1990; Engelmann et al., 1990a) indicate that the mere 
clustering of molecules of this receptor sufTices for the 
triggering of its signalling activity (Engelmann et a/. , 199Qa). 
Furthermore, two observations in the present study are 
consistent with the notion that clustering of the p5S TNF-R 
is not only a sufficient, but a necessary condition for the 
triggering of its activities, and occurs as part of the process 
of iu stimulation by its natural ligand, TNF. Analysis of 
the molecular size of the transfected receptors, after tagging 
with radiolabelled TNF (Figure 6), revealed that these 
receptors are associated with the murine receptors. 
Conceivably, although confirmation is needed, this associa- 
tion is a consequence of TNF binding. A functional role for 
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this aggregation in cell response t TNF is indicated by the 
marked inhibitory effect of the truncated ''onns of the 
hu ^55-TNF-R on the response of rodent cells to the 
cytocidal effect of TNF (Figure 4, right panel). This 
inhibition suggests some kind f ir*termolccular interactions 
between the recept rs. Its nfK>st likely interpretation is the 
occurrence of * futile* clustering: association of the 
endogenous, full-length receptors with the tntncated human 
receptors, which greatly exceed them in number, resulting 
in formation of non-functional complexes. Indeed, applying 
antibodies against the hu-p55-TNF-R on cells that express 
the truncated receptors, thus blocking the interaction of these 
receptors with TNF, resulted in recovery of the sensitivity 

f these cells to the TNF effect (Figure 5). In receptors with 
tyrosine kinase activity, triggering of signalling upon receptor 
aggregation could be ascribed to intenmlecular cross- 
phosphorylation of the receptor molecules. The signalling 
activity itself was shown to reflect phosphorylation of some 
other cellular substrates by the receptors (reviewed in Ullrich 
and Schlessingcr, 1990). The p55 TNF-R appears to be 
devoid of protein kinase activity (Loetschcr etal., 1990; 
Nophar etaL, 1990, Schall etaL, 1990). Its amino acid 
sequence provides no indication of any other way by which 
it can signal. The loss of its ability to initiate the cytocidal 
effect upon deletion of the 125 C-tefminal amino acids 
suggests that the structural elemcnt(s) which signal for the 
cytocidal effect reside, at least partly, within this C-terminal 
region. Study of receptor mutants with wore restricted 
deletions of sequences should facilitate identification of these 
molecular structures and clarify whether these same 
structures or others are involved in the induction of other, 
non-cytocidal effects of TNF. 

The occurrence of inducible shedding in receptor 
nK)lccules which are deficient in signalling activity, indicates 
that the shedding and signalling mechanisms are distinct. The 
fact that TNF, which triggers the signalling, has no effect 
on the shedding, further supports this notion. These 
observations suggest that the process of cleavage of the TNF 
receptors which results in formation of their soluble forms, 
is not a mere *side product* of the signalling for the TNF 
effects. Rather, it appears to occur by mechanism(s) 
independent of other functions of the receptors, directed 
specifically to inhibit TNF action both by decreasing the 
anKHints of the cell surface receptors and by creating soluble 
.'orms, which arc inhibitory to TNF function. 

The finding that truncation of the intracellular domain has 
no effect on the shedding of the p55 TNF-R, nor on its 
enhancement by PMA, is consistent with a prior study on 
the mechanism of inducible shedding of the receptor for 
CSF-1 (Downing ft al, 1989). Evidence was presented in 
that paper that PMA enhances shedding of the CSF-1 
receptor, through activation of protein kinase C, not by 
phosphorylation of the receptor itself but by activation of 
the proiease(s) which cleave it. This seems to be the case 
also for the effect of PMA on the shedding of the p55 TNF- 
R, shown in the present study to be mainuined even af^er 
removal of almost all potential phosphorylation sites in the 
intracellular domain. A clue as to the identity of the protease 
which cleaves the p55 TNF-R and to the modes of its 
regulation can be gained by defming the exact site of receptor 
cleavage. This information may be reached by analysis of 
additional receptor mutants, looking specifically for mutants 
which will fail to exhibit induced shedding. 



Materials and methods 

Conttmction of mutant pBS TNF mcaptorg 

The cDNA of the human p55 TNF-R (Nophar et ui . 1990) was digested 
with Ainll and Nhe\, rcMihing in removal of large parift of the 5' and 
non-coding regkm. Muianu A:3l&426 and ^:215-426 (Figure 3) were 
generated by uligunucleoiide directed mutation of thi& liwnened form of 
the cDNA. using the 'Altered Sites* mutageneMk kit of Pnimega. Stopcodnns 
were intraduoed after Leu309 Imutant A:310426: amino acid& in the receptor 
are numbered according lo Loetschcr ei at. (1990)] using the oligonuclcatide 
5'-CCCCAACCCCCTCTAGAAGTGOGACXV3'. Mid after Lcu2U (mutant 
A. 215^26 K u^ng the oligonucleotide 5'-ACTCCAAGCTCTAGACCA 
TTGTTTOTOG-3'. The wild-type and muutcd cDNAs were introduced 
into the eukaryoiic expresMon vector pMPSVEH ( ArKh et at. . 1988, kindly 
provided by Dr H.Hauser. GBF. Braumchwcig. FRG). which comaim the 
myeloproliferative sarcoma virus promoter, an SV40 intron and the SV40 
polyadenylotkm signal For the generation of the A:244-426 muunt. the 
expression vector containing the wikMype cDNA was digested with HindWl. 
The resuhing 3.9 kb fragment was isolated and then, after Tilling in of the 
pnitruding ends religaied. thus replacing amino acid 244 by a stop codon. 

£xprM9fon of tho wtkt'tytM and mutant focapton In cuhutad 

Cells of the murine A9. L929, NIH 3T3 and the hamster BHK lines were 
cultured with Dutbecco's mndiHed Eagle's Medium (DMEM) containing 
10% fetal calf serum. 100 U/ml penicillin and 100 ^g/ml streptomycin 
(growth medium). The cells were tnmsfected with the expression constructs 
encoding the wild-type and mutant receptors, together with the neomycin 
resistance conferring plasnud p5V2neo. using the calcium phospiiate 
precipitation method (Graham and van der Eb. 1973). After 10- 14 days 
selection in growth ntodium containing 300 pigfrtti G4 1 8 (Sigma), resisunt 
cokmies were tsolaled and examinod for expressun of the hunun p53 TNF-R 
(hu-p35-TNF-R) by measuring TNF binding to the celts. 

m ■ ■ aMl ■ ■ ■ M — a^^m, — - — »j—M — a ^PftJf ^^^W m m alii ■ ■ * m 

mjwiiiipmmii or w vywiMiaOm #iipli of # wWr mno oi mnuooofwrn 
to tha hupSS-mF-f9 

Cells were seeded into 96-wcll plates, 24 h before the assay, at a density 
of 30 000 cells per well. The growth medium was then exchanged with 
100 III gnvwth niedtum containing cyckiheximide (CHI. 25 ^g/ml for the 
HeLa cells and 30 |ig/ml for all other cell types and TNF or antibodies 
against the hu-p35-TNF-R). After ftmher 1 1 h incwh)«i«in m 37*C. viability 
of the cells was assessed in a neutral red uptake assay as described before 
(Wallach. 1984). 

Datanninatfon of TNF bktdtnQ to ca9$ and of TNF 
h I m 1 9aMititk)n and dafftadadon 

Recombinant human TNF-a (TNF, 6 x lO' U/mg of protein), produced 
by Gcneniech Co., San Frmcisco. CA. was kindly prtyvktod by Dr G.Adolf. 
of the Boehringer Institute. Vienna, Austria. The TNF. was nKlioUbelled 
with chkwamine T lo a specific radkMCtivity of 2000 ^iCi/mmol (Israel ft at, . 
1986). To d tl tnuim: the binding «id imemalizatnn of TNF odls were seeded 
into 15 mm tissue culture plates at a density of 2.5 x lO^ cells/plate. After 
24 h incubttKN) at 37*C, the plates were transferred to ice. the growth 
medium was removed and radnlabelled TNF was applied at the concentratkin 
of 0. 1 nM, either akme or with a lOOO-foM excess of unlabellcd TNF. in 
200 111 PBS (0.134 M sodium chkiride plus 10 mM sodium phosphate. 
pH 7.4) conutning t mM CaClj. t mM MgO^. 0.3^ BSA and 0.029^ 
NaN^ (binding buffer). After 3 h of incubMion on ioe. the cells were rinsed 
and then detached by itKubatnn in PBS conuining 3 mM EDTA. Cell- 
bound tvdioactivity was determined tn a 'y-counier. The data were analysed 
using the LIGAND program (Munson and Rodbard. 1980). Alternatively, 
after the b'*iding of radiolabelled TNF the cells were incubated in growth 
medium at 37 *C to follow the uptake and degradation of the cell -bound 
TNF. At various times, plates were transferred to an ice bath and the cell - 
bound TNF was dissociated by low pH treatment (incubated for 3 min with 
kre-coW 30 mM glycine HCI buffer, pH 3.0. fotkiwed by rinsing three times 
with binding buffer). The amount of internalized TNF was determined b>- 
dctaching the cells and cnuming them in a >-coumer as described above. 
The extent of degradatkm of TNF was assessed by measuring the amount 
of trichkiroacetic ackl-solubte radkiactivity in the cell growth medium. 

^^g^— ^^J^^J ^^^^^^ IL^^^— ^ ^^uJIriKjAJ^AJiAW ^MIC tfdkA ^A^KA^K^MBflW 

wwmicw mmutty Of fwaiotmowtfao mr lo inv rvcvynDrv 

Cells were detached by incubation in PBS containing 5 mM EDTA. rinsed 
with PBS conutning 0.5^ BSA and 0.02 5( NaN^ (binding medium), and 
suspended in atiquots of 3 x 10^ cells in 1 ml binding medium containing 
0.2 nM rsdtolabellcd TNF. After incubation with occasional shaking for 
4 h on ice. the cells were washed once with PBS and incubated for 20 min 
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in bic ume buffer conuining I mM biMMlptw6Uccinimidyl)«ubeniie (Pierce). 
Crou linking wu slopped by adding Tris-HCl and glycine-HCI. pH 7.4 
(boUi 10 a final concencmion of 100 mM) followed, after 10 mtn incubMion 
un ice. by two washings with PBS. The cells were then extracted for I h 
at 4*C. using 600 >J of a lysis buflcr conUining 20 mM HEPES. pH 7.4. 
150 mM NaC. \% deiontzed Triton X-IOO. I ^g/ml leupeplin (Sigma) 
and 1 mM-phenylmethylsulphonyl fluoride (Sigma). After cemrifiigation 
for 30 min at 10 000 g, the cell extracts were divided imo two equal portions. 
One was acidified by adding 90^ 1 M glycine-HCI buffer. pH 2.5. and. 
after incubation for I h on ice. neutralized with 30 ^1 I M NaOH. 
Monoclonal antibodies against the hu p55-TNF-R (numbers I H and 20. 
Engclmann et al. . I990ia. 12 ^g of each) were added to both portiom of 
the extracts. After ftirther incubation for 12 h at 4*C. 20 ^1 protein 
A-Sepharose beads (Pharmacia), equilibrated with PBS. were added. 
Following incubation for 60 min at 4*C. they were washed three times with 
the lysis buffer conuining 2 M KG. and twice with PBS. The beads were 
resuspended in 15 /il sample buffer containing 4% (w/v) SDS and 6% (v/v) 
/9-mercaptoethanot and boiled for 3 min. The supernatant was analysed by 
SDS -PAGE (10% polyacrylamide) fotlowed by autoradiography. 

M0M$Uf9nwnt of th0 $h0d(0nQ of tho Botuhto foftn of tho 
hu-pSS-TNFR 

Cells were seeded 24 h before the assay imo 15 mm lisjme culture plates 
at a density of 2.5 x tO' celts/plate. At tinu- zero, the medium was 
replaced with 300 hI growth rrtedium conuinin; the indicated additives 
(PMA. PMA plus Cril or TNF). After hirthcr incubation for various time 
periods, samples of the medium were collected and centriftjged at 3000 g 
(or 5 min to sediment the cells and cell debris. Content of the soluble form 
of the hu-p55-TNF-R in the supematanis was determined by a two site capture 
ELISA. using a mouse monoclonal antibody and rabbit antiserum against 
this protein as described elsewhere (Aderka ei ai., 1991). 

In all experiments, the dau presented are mean values of duplicate 
determinations. Variation between duplicate samples was in all cases < 10% 
of the mean. 
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Tumor necrosis factor (TNF) functions both as a soluble molecule 
and as a cell surface 26 kDa transmembrane protein, from which the 
soluble form is proteolytically derived. The 26 kDa TNF molecules 
isolated from ^^P labeled HeLa cells that had been transfected with 
the cDNA of a partially cleavable TNF mutant were found labeled. 
Phosphorylated 26 kDa TNF molecules could also be isolated from 
human LPS stimulated monocytic Mono Mac 6. Phosphoaminoacid 
analysis revealed that the labeled phosphate is bound to serine resi- 
dues. No label was found incorporated in soluble 1 7 kDa TNF, indi- 
cating that the phosphorylated residue(s) of membrane-associated 
TNF occur in the cytoplasmic portion of the molecule. Phosphoryla- 
tion of the intracellular domain of the 26 kDa TNF molecules may 
play a role in the regulation of expression or proteolytic processing 
of TNF, modulate TNF bioactivity, or take part in intracellular signal- 
ing by cell-surface TNF. © 1995 Wiley- Liss, Inc. 



INTRODUCTION 

Tumor necrosis factor (TNF) 
is a pleiotropic cytokine that 
plays a central role in the induc- 
tion of inflammation. Its wide 
range of effects include cytotox- 
icity, stimulation of cell growth, 
and induction of changes in cell 
differentiation patterns and vari- 
ous immune activities [1,2]. It is 



primarily produced in mononu- 
clear phagocytes following their 
stimulation with bacterial com- 
ponents, such as lipopolysac- 
charide (LPS), or viruses, or 
multiceUular parasites. TNF mol- 
ecules are initially produced in 
the form of 26 kDa (5- transmem- 
brane proteins with a signal 
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peptide of 76 amino acid residues 12). These trans- 
membrane molecules may remain on the surface 
of the cells that produce them or are proteolyti- 
ccdly processed, yielding soluble 17 kDa TNF mole- 
cules [3-5). 

Both the cell surface and soluble forms of TNF 
can trigger effects characteristic of this cytokine 
in target cells by binding to the same two species 
of TNF receptors [3.4,6-11). However, there are 
some differences in their mode of action resulting 
from the differences in their structure and physi- 
cal state. The soluble form of TNF acts at a multi- 
plicity of sites, adjacent to its formation site as 
well as distant from it, as is the case with other 
endocrine regulators, while the function of cell- 
bound TNF is limited to the vicinity of the TNF 
producing cell. In addition, the mechanism of ac- 
tion of cell surface TNF differs from that of the 
soluble form in terms of the extent of influence of 
the individual TNF-producing cell on the nature 
of the effects of the cytokine. Unlike soluble TNF 
and other endocrine mediators, whose mode of 
action is largely independent of their way of for- 
mation, cell-bound TNF molecules act in a way 
which dictates a direct link between TNF produc- 
tion and function. The location of the effector cell, 
the effectivity of TNF production, and, perhaps, 
also the way in which the cell presents TNF on its 
surface, determine the identity of the target cell 
and its mode of response. There also seem to be 
some differences in the nature of the effects in- 
duced by the two molecular forms of TNF [7,12], 
suggesting that they can trigger different signaling 
activities. 

In view of the distinctive features of the mech- 
anism of action of cell-bound TNF, some types 
of control mechanisms specifically regulating the 
action of these molecules are likely to exist. The 
intracellular domain of the membrane-associated 
TNF molecules is likely to serve such a role since 
it is accessible to modulation by intracellular 
mechanisms. Although the intracellular domain of 
the TNF molecule has no direct involvement in 
TNF receptor binding its sequence is highly con- 
served among different animal species, suggesting 
that it has an important function [reviewed in 
13,14]. One possible way by which signals within 
the TNF producing cells can affect the function of 
cell surface TNF is described in the present study. 
Evidence is presented that the intracellular region 
of transmembrane TNF is subject to phosphoryla- 
tion by protein kinase(s). 



MATERIALS AND METHODS 
Reagents 

Cell culture media and supplements were 
purchased from GIBCO (Grand Island, NY); bo- 
vine insulin, lipopolysaccharide (LPS) (from 5a/- 
monella Minnesota), phenylmethylsulfonylflu- 
oride (PMSF), leupeptin, and diaminobenzi- 
dine-tetrahydrochloride from Sigma Chemical 
Co. (St. Louis, MO); protein G-Sepharose (fast 
flow) from Pharmacia Fine Chemicals (Piscata- 
way. NJ); [^^S] met and carrier-free [^^P] ortho- 
phosphoric acid, and the Amplify intensifying 
reagent were purchased from Amersham Corp. 
(Arlington Heights, IL). The nitrocellulose mem- 
branes were purchased from Bio-Rad (Hercules, 
CA). A mouse monoclonal antibody specific to 
human TNF (TNF-1) and polyclonal sheep and 
rabbit anti-human TNF sera were developed in 
our laboratories. Human IgG, FITC-labeled goat 
anti-mouse IgG F(ab)'2, nonimmune sheep se- 
rum, and horseradish peroxidase-conjugated 
goat anti-rabbit IgG were purchased from Bio- 
Makor (Rehovot, Israel). 

Cell Culture 

Human acute monocytic leukemia Mono 
Mac 6 (MM6) cells [15] were obtained from the 
German Collection of Microorganisms and Cell 
Cultures. They were grown at a cell density 
range of 0.3- 1 x 10*^ cells/ml in RPMI 1640 me- 
dium supplemented with 10% fetal calf serum 
(FCS), 2 mM L-glutamine, 1 mM Na-pyruvate, 
1% nonessential amino acids, 9 |ig/ml bovine 
insulin, 100 U/ml penicillin, and 100 |ig/ml 
streptomycin. 

EpitheHoid cervical carcinoma HeLa cells 
[16] were obtained from the American Type Cul- 
ture Collection (Rockville, MD). HeLa-M9 cells 
are a clone of HeLa cells which constitutively 
express, under control of the SV40 promoter, a 
TNF mutant cDNA in which the arginine at posi- 
tion +2 and the serine at position of +3 are sub- 
stituted with threonines (the pstAll construct). 
These mutations cause an about tenfold reduc- 
tion in the cleavage rate of 26 kDa TNF (A, Mai 
and E. Duda, unpublished study). The HeLa and 
HeLa-M9 cells were grown in RPMI 1640 me- 
dium supplemented with 10% FCS, 100 U/ml 
penicillin, 100 p-g/ml streptomycin, and 50 jig/ 
ml gentamycin. 



PbCSlK FT AL 



O) 

c 
c 

*(5 

^ 2 

(A C 
O) LL 

II 



100 



80- 



60- 



40 



20- 



HeLa-M9 



HeLa 



Mono Mac 6 




0 1 10 100 
LPS (ng/ml) 



HeLa 



80 H 



anti-TNF 




80-1 



60 



40- 



20- 



HeLa-M9 



Background 



B 



anti-TNF 



103 104 101 

Fluorescence Intensity 




FIGURE 1 

Cell surfice TNF in HeU-M9 cells and in LPS-treated MM6 cells. A: Row cytonMtric analysis data ol cell surface TNF expression in 
HeLa cells, HeLa>M9 cells, and MM6 cells treated for 2hr with LPS at the indicated concentrations. B: FACS profiles of HeLa and HeLa- 
M9 cells stained with anti-TNF antibody. Background denotes cells stained in the absence of anti-TNF antibody. 



Indirect Immunofluorescence 

Indirect immunofluorescence analysis was 
performed as described elsewhere [17). Briefly, 
samples of 5 x 10^ cells were incubated for 30 
min at 4'*C in the presence of 10 |ig/ml mouse 
monoclonal antibody against human TNF (TNF- 



1) in phosphate buffered saline (PBS), containing 
2 mg/ml BSA, 2 mg/ml human IgG, and 0.1% so- 
dium aizide, and then with FlTC-conjugated goat 
anti-mouse IgG F(ab)'2, followed by fixation with 
1% formaldehyde. Samples of 5,000 cells were ana- 
lyzed by FACScan (Becton Dickinson, Mountain 
View, CA). 
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Metabolic Labeling 

Labeling of cells with (^^S) met or [^^P] ortho- 
phosphate was performed by incubation in met 
free or phosphate free medium, supplemented 
with 5 or 10% FCS that had been dialyzed against 
either PBS or 0.9% NaCl, respectively. Unless oth- 
erwise indicated, [^^S] met and [^^P] orthophos- 
phate were added to the cells for 2.5 hr, at concen- 
trations of 100 ^iCi/ml and 50 ^Ci/ml, respectively. 
Labeling with |^ 'S) met was performed after a 15 
min preincubation in met free medium. In the 
experiments with LPS-stimulated MM6 cells, 
treatment vdth LPS was performed simultaneously 
with the metabolic labeling. 

Immunoprecipltatlon and Gel Electrophoresis 

Immunoprecipitation was performed using 
sheep anti-TNF antiserum or, as a control, nonim- 
mune sheep serum, at a dilution of 1:200. To spe- 
cifically immunoprecipitate cell surface TNF, the 
antisera, diluted in PBS containing 0.1% bovine 
serum albumin (BSA) and 0.05% sodium azide, 
were added to the cells prior to their lysis. The 
cells were incubated for 30 min with the antisera 
and then rinsed with ice-cold PBS. To also immu- 
noprecipitate intracellular TNF molecules, the an- 
tisera were direcdy added to the cell lysate, for a 
period of 2 hr. Cell lysis was performed by incubat- 
ing the cells for 30 min at a cell concentration of 
1x10^ cells /ml in a lysis buffer comprised of 50 
mM Tris-HCI. pH 7.4, 0.1 M NaCl, 1% Triton X- 
100, 5 mM EDTA, 0.02% sodium azide, 0.1 mM 
PMSF, and 2 |ig/ml leupeptin, followed by centrif- 
ugation at 12,000gfor 15 min to sediment insolu- 
ble material. In the [^^P] labeling experiments, the 
lysis buffer was supplemented with 100 |iM Na- 
orthovanadate, 1 mM EGTA, and 50 mM NaF. Pre- 
cipitation of the antibodies was done using Pro- 
tein G-Sepharose beads. All immunoprecipitation 
steps were performed at 4X. The immunoprecipi- 
tated proteins were analyzed by SDS-PAGE under 
reducing conditions (12% acrylamide). Gels used 
for the analysis of [^^S] labeled proteins were 
treated v^th the Amplify intensifying reagent. 

Western Analysis 

Following SDS-PAGE analysis, proteins were 
Western-blotted to nitrocellulose sheets (Schlei- 
cher & Schuell, Dassel, Germany). The blots were 
probed either with rabbit anti-TNF antibody, 



followed by incubation with horseradish peroxi- 
dase-conjugated goat anti-rabbit IgG and devel- 
oped with diaminobenzidine-tetrahydrochlo- 
ride, or with ['^^I] rabbit anti-TNF antibody la- 
beled with the lodogen reagent (18) using 1 x 
10' CPM/blot. 

Phosphoamino Acid Analysis 

To identify the phosphorylated amino acid 
residue(s) in TNF, [^^P] labeled TNF was isolated 
from extracts of HeLa-M9 cells that had been la- 
beled by incubation for 5 hr in growth medium 
containing 500 |iCi l^^PJ orthophosphate/ml. The 
labeled amino acids in the protein were identified 
as described 119]. Briefly, following immunopre- 
cipitation and SDS-PAGE analysis, the protein was 
blotted onto Immobilon PVDF membrane (Milli- 
pore, Bedford, MA). The 26 kDa TNF band, identi- 
fied by autoradiography, was excised from the 
membrane and hydrolyzed in 6 N HCl for 1 hr at 
110°C. The resulting hydrolysate, to which 0.3 ^g 
of each nonlabeled phosphoamino acid marker 
was added, was fractionated by high voltage two- 
dimensional thin layer chromatography. The posi- 
tion of the labeled residues, detected by 4 day 
exposure for autoradiography, was compared with 
those of the nonlabeled residues, as determined 
by ninhydrin staining. 

RESULTS 

Two cellular systems were employed in this 
study for characterizing the 26 kDa TNF precursor: 
i) HeLa cells that constitutively express transfected 
cDNA for mutated TNF, exhibiting reduced pro- 
cessing rates; and ii) cells of the human monocytic 
leukemia line Mono Mac 6 (MM6), which produce 
the TNF precursor upon LPS stimulation [20]. As 
determined by fluorescence-activated cell sorting 
(FAGS) analysis using monoclonal anti-TNF anti- 
body, both the TNF-transfected HeLa cells (HeLa- 
M9 cells) and the MM6 cells express TNF on their 
surface (Fig. 1). In the MM6 cells, treatment with 
LPS resulted in enhanced cell surface TNF expres- 
sion, showing maximal effect at 10-100 ng of LPS 
per ml. The signal observed in FAGS analysis was 
not affected by treating the cells with high salt 
concentration following fixation, indicating that 
the TNF molecules are integral to the cell mem- 
brane and not soluble molecules adsorbed to the 
cells (data not shown). 

Immunoprecipitation studies revealed that 



PbCSiK ET AL 



JdeladVld 



B 



Cell-Surfac ' T tal' 



200,000 — 
97,400 — 
69,000 — 

46,000 — 



30,000 — 




112,000 — 
84,000 — 

53,200 — 

34,900 — 
28,700 — i 



20,500 — 



14,300 — 




FIGURE 2 

SOS-PAGE lad Western klotting anelysis of TNF expressed in HeU-M9 and LPS-treeted MM6 cells. TNF expression in HeU-MS cells 
(A.B) and MMG cells (C.D). A: Proteins were immvnoprecipltated with anti-TNF antibody (lanes 2 and 4) or with control senm (lanes 1 
and 3) from lysates of HeLa-M9 cells that had been metabolically labeled with ^S] met InHnunoprecipitation was performed by applying 
the antibodies either before cell lysis, followed by removal of nonbound antibodies, to speciically delect the cell surface TDIF (lanes 
1, t 'cell surface'); or after cell lysis, to also detect intracellalar TNF molecules (lanes 3, 4: 'totil'). B: Western bloning analysis of 
proteins in the lysate of HeLa-M9 cells that react with anti-TNF antibody. C: The proteins innminoprecipitated with anti-TNF antibody 
(lanes 2 and 4| or with control serum (lanes I and 3) from lysates of MMS cells metabolically labeled with TS] met and treated (lanes 
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the cell-surface protein recognized by anti-TNF 
antibodies is the 26 kDa TNF precursor. Two 
methods of immunoprecipitation were employed: 
i) anti-TNF antibodies were incubated with TNF- 
producing cells prior to cell lysis, thus allowing 
the antibodies to interact only with cell-surface 
TNF molecules; or ii) anti-TNF antibodies were 
added to the cells following lysis, permitting them 
to also interact with intracellular TNF molecules. 
Using both immunoprecipitation methods, we ob- 
served specific recognition of the 26 kDa protein 
in [^^S] met labeled HeLa-M9 cells. Much greater 
amounts of the protein were immunoprecipitated 
if antibodies were added after cell lysis than before 
lysis, suggesting that most of the 26 kDa TNF mol- 
ecules occur within the HeLa-M9 cells (compare 
lanes 3, 4 to 1, 2 in Fig. 2A). Western blot analysis 
revealed that, in addition to the 26 kDa TNF mole- 
cules, lysates of HeLa-M9 cells contain some 17 
kDa TNF molecules (Fig. 2B). These molecules 
could not be detected by labeling with [^^Sl met 
since the 17 kDa TNF does not contain methio- 
nine. We also observed 26 kDa TNF in lysates of 
LPS-stimulated MM6 cells (Fig. 2C, D), although 
in much lower amounts. TNF molecules could be 
detected when the antibodies were added to the 
MM6 cells after lysis but not before lysis (data not 
shovm). TNF was not detectable in nonstimulated 
MM6 cells (lanes 1 and 3 in Fig. 2C, D), or in HeLa 
cells which had not been transfected with TNF 
cDNA (not shown). 

In both the HeLa-M9 cells and LPS activated 
MM6 cells, growth in the presence of [^^P] resulted 
in incorporation of label in the 26 kDa TNF precur- 
sor molecules (Fig. 3). As in the [-^'^Sj met labeling 
experiments, the amount of cell surface [^^P] ra- 
diolabeled TNF in the MM6 cells was too low to 
be detected, though we did find radiolabeled TNF 
in the whole cell lysate. Yet, we could isolate [^^P] 
labeled TNF molecules in the HeLa-M9 cells using 
both ways of immunoprecipitation (Fig. 3A, lanes 
2 and 4), indicating that the cell surface TNF mole- 
cules are phosphorylated. No label could be dis- 
cerned in the 17 kDa form of TNF (compare Fig. 
3A, lane 4 to Fig. 2B). 



Phosphoamino acid analysis showed that the 
label in the 26 kDa TNF molecules expressed in 
HeLa-M9 cells is bound to serine residues (Fig, 4). 

DISCUSSION 

This study employed cellular systems that 
provide effective expression of the membrane 
bound form of TNF, to allow study of the molecu- 
lar properties of this protein which is normally 
present in very low amounts. The MM6 monocytic 
leukemia cells were chosen since, in contrast to 
some other cultured cells of monocytic origin, 
LPS-stimulated TNF production in them is not ac- 
companied by induced TNF shedding. Thus, the 
transmembrane form of TNF is effectively accu- 
mulated in these cells (20). Indeed, 26 kDa TNF 
molecules were easily detected in lysates of LPS- 
treated MM6 cells. However, the amounts of cell 
surface TNF molecules in these cells were too low 
to allow their detection by metabolic labeling (al- 
though they could be detected by FACS analysis). 
We therefore decided to use an artificial experi- 
mental system where TNF was expressed in HeLa 
cells under the control of a strong promoter. To 
further enhance the expression of the precursor 
TNF molecules, we used a mutant TNF molecule 
that cannot be processed effectively. The change 
introduced by the mutation (substitution of the 
arginine and serine at positions +2 and +3 with 
threonines) was milder than applied in a previous 
study (deletion of amino acids 1-12 in TNF 14]), 
to minimize distortion of normal TNF function. 
This change does not fully prevent the proteolytic 
cleavage of TNF, but does result in the accumula- 
tion of 26 kDa TNF molecules, both intracellularly 
and on the cell surface. 

We found that the 26 kDa TNF molecules are 
phosphorylated. The high amounts of TNF in the 
transfected HeLa cells permitted further studies in 
which we learnt that i) both the cell surface and 
intracellular 26 kDa TNF molecules are phosphor- 
ylated, ii) the phosphorylated residues in TNF are 
serines, and iii) the soluble 17 kDa TNF molecules 



RGURE 2 (Continvtd) 

3 and 4} or not treated (lanes 1 and 2} with LPS (100 ng/ml for 2 h|. D: Westam blotting analysis of the binding of anti-TNF (lanes t 4) 
or a control (lanes 1, 3) antibody, to the proteins in lysates of MM6 celts that had been treated (lanes 3, 4} or not treated (lanes 1, 2 1 
with LPS as above. Development of the Western blots was performed using radiolabeled anti-TNF antibody in B, and enzymatic ally in 
D, as described in Materials and Methods. The protein samples applied for analysis were from the following number of cells: in A, 
lanes 1 and 2— 1J x lO', lanes 3 and 4—0.6 x 10^; in 1.8 x 10*; la C. 2 x 10* and in D, 1 x 10*. 
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FIGURE 3 

Phosphorylation of 26 kDa TNF molecules in HeLa-M9 and LPS-treated MM6 cells. [^P] labeled proteins, immunoprecipitated from lysales 
of cells thai had been metabolically labeled with PP] orthophosphate with anti-TNF (lanes t 4) or control (lanes t 3} antibodies. A; 
Proteins immunoprecipitated from the lysate of HeLa-M9 cells. Immunoprecipitation was performed by adding antibodies either before 
cell lysis, followed by removal of nonbound antibodies, to specifically detect cell surface TNF molecules (lanes 1, 2: 'cell surface ) or 
after lysis (lanes 3, 4: 'total'). B: Proteins immunoprecipitated from lysates of MM6 colls that had been treated or not treated with LPS 
(100 ng/ml for 2 hr). The protein samples applied for analysis were from the following number of cells: in K lanes 1 and 2—1.8 x 10*, 
lanes 3 and 4 — 0.6 x 10^; and in B — 2 x 10*. 



are not phosphorylated. Such analysis could not 
be performed with 26 kDa TNF molecules from 
MM6 cells, due to the low amounts of TNF pres- 
ent. However, the mere finding that the 26 kDa 
molecules are also phosphorylated in these cells 
is significant; it shows that phosphorylation is not 
an artifact of the expression of TNF in the HeLa 
cells, which normally produce little TNF, but 
rather constitutes part of the normal way of TNF 
modulation. 

The lack of ['^^Pj incorporation in the 17 kDa 
TNF molecules isolated from the lysate of HeLa- 
M9 cells indicates that the label in the 26 kDa 
molecules occurs within their intracellular region. 
This is to be expected since the intracellular region 
is the only part of the TNF molecule accessible for 
phosphorylation by cytoplasmic protein kinases. 
The specific kinases involved in TNF phosphoryla- 
tion are not known, nor is it known whether, and 
in what way, the activity of these kinases is subject 



to modulation by agents that affect TNF activity. 
Evidently, the phosphorylation observed in the 
HeLa-M9 cells, in which TNF was synthesized 
without stimulation, reflects the function of ki- 
nase{s) that constitutively act in these cells. On 
the other hand, the phosphorylation observed in 
LPS-stimulated MM6 cells could involve effects of 
LPS activated protein kinases (21,221. The serine 
at position -50 seems to be a suitable substrate 
for phosphorylation by protein kinase C [23]. 
However, in preliminary experiments we did not 
observe any increase of phosphorylation of the 26 
kDa TNF molecules in HeLa-M9 cells following 
treatment with 4p-phorbol-l2-myristate-13-ace- 
tate (data not shown), suggesting that protein ki- 
nase C is either not involved in this phosphoryla- 
tion or is activated constitutively in these cells, 
due to their continuous exposure to TNF. 

The sequence conservation of the cytoplasmic 
region of the TNF molecule in different species 
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FIGURE 4 

Phosphoamino acid analysis of 26 kOa TNF. TNF was immunopra- 
cipitated from tha lysata of [^P] orthophosphate labeled HeU- 
M9 calls and hydrotyzad, followed by two-dimensional thin layer 
electrophoretic analysis of the phosphoamino acids. Positions of 
cold internal phosphoamino acid standards, as determined by nin* 
hydrin staining, are indicated. 

indicates that this region and its phosphorylation 
play important roles in TNF function. Several pos- 
sible kinds of roles may be considered. One possi- 
bility is that this region takes part in the regulation 
of the proteolytic process by which the soluble 
17 kDa form of TNF is derived from the 26 kDa 
molecule. Involvement of the intracellular region 
of transmembrane proteins in the regulation of 
their shedding has been observed for certain pro- 
teins. This seems to be the case for the processing 
of TGF-a which, like TNF, is initially expressed as 
a transmembrane protein [24K as well as for the 
induced shedding of the p75 TNF receptor [25). 
Contrastingly, shedding of the p55 TNF receptor 
appears to be independent of the intracellular do- 
main of this receptor [26,27). The intracellular do- 
main of cell surface TNF may also affect TNF func- 
tion as a ligand. This region in the molecule may 
impose conformational changes in the ligand 
binding of the extracellular TNF domain, or could 
dictate association with cytoskeletal elements, and 
thus direct translocation of the TNF molecules 
within the membrane towards the area of the cell 
surface adjacent to the target cell. The intracellular 
region of the Fas ligand, whose structure and ac- 



tivity closely resemble those of TNF, is indeed 
known to contain a sequence motif, the SH3 bind- 
ing site, that may allow it to bind to cytoskeletal 
components [28). Another possible function of the 
cytoplasmic region of TNF is interaction with in- 
tracellular molecules possessing signaling activi- 
ties. Activation of signaling activities within the 
TNF producing cell following the interaction of 
the cell surface TNF with its target cell may allow 
fine adjustment of the function or formation of 
the cell surface TNF molecules, depending on the 
situation. 

Further studies of the phosphorylation of the 
cytoplasmic TNF domain may contribute not only 
to our knowledge of the cell surface form of this 
particular cytokine, but also to our understanding 
of the mode of action of some other cell surface 
ligands that are evolutionary related to TNF, in- 
cluding the CD40 ligand (gp39). the OX-40 ligand 
(the human activation antigen 106, gp34), 4-lBB, 
and the ligands for CD27, CD30, and for Fas/APOl 
[reviewed in ref. 29). 
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Summary 

Deletion mutagenesis of the intracellular region of the 
55 kd TNF receptor (TNF-R1) identified an - 80 amino 
acid domain near the C-terminus responsible for sig- 
naling cytotoxicity. This domain shows weak homol- 
ogy with the intracellular domain of Fas antigen, a 
transmembrane polypeptide that can also initiate a sig- 
nal for cytotoxicity. Alanine-scanning mutagenesis of 
TNF-R1 confirmed that many of the amino acids con- 
served with Fas antigen are critical for the cytotoxic 
signal. This region of TNF-R1-Fas homology is there- 
fore likely to define a novel domain (death domain) 
that signals programed cell death. Mutations within 
the death domain of TNF-R1 also disrupted its ability to 
signal anti-viral activity and nitric oxide (NO) synthase 
induction. In addition, large deletions in the mem- 
brane-proximal half of the intracellular domain did not 
block signaling of cytotoxicity or anti-viral activity but 
did block induction of NO synthase. 

Introduction 

Tumor necrosis factor (TNF) is a cytokine produced mainly 
by activated macrophages. Although originally identified 
for its anti-tumor activity, TNF is now known to be one of 
the most pleiotropic cytokines, signaling a large number 
of cellular responses, including cytotoxicity, anti-viral ac- 
tivity, immunoregulatory activities, and the transcriptional 
regulation of many genes (Goeddel et al., 1986; Beutler 
and Cerami, 1988; Old. 1988; Fiers, 1991). The first step 
in the induction of the various cellular responses mediated 
by TNF is its binding to specific cell surface receptors. 
Two distinct TNF receptors of -55 kd (TNF-R1) and 75 
kd (TNF-R2) have been identified (Hohmann et al., 1990; 
Brockhaus et al., 1990), and human and mouse cDNAs 
corresponding to both receptor types have been isolated 
and characterized (Loetscher et al., 1990; Schall et al., 
1990; Smith et at., 1990; Lewis et aL, 1991; Goodwin et 
al., 194l). 

The extracellular domains (ECDs) of human TNF-R1 
and TNF-R2 share 28% sequence identity, approximately 
the same level of similarity they share with the ECOs of 
a number of diverse cell surface proteins, including the low 
affinity nerve growth factor (NGF) receptor. Fas antigen, 
CD40. OX40, and CD27 (Itoh et al., 1991 ; Camerini et al., 
1991). Much of this sequence identity is a result of the 
extremely well conserved positions of cysteine residues 



that define this expanding receptor family. There is a com- 
plete absence of homology between th^ intracellular do- 
mains of the two TNF receptors, suggesting that they uti- 
lize distinct signaling pathways (Lewis et al., 1991). Also, 
with an exception noted below, the intracellular domains 
of the two TNF receptors do not show homology to other 
known proteins (Loetscher et al., 1990; Schall et al., 1990; 
Smith et al., 1990; Lewis et al., 1991). 

Numerous studies with anti-TNF receptor antibodies 
have demonstrated that TNF-R1 is the receptor that sig- 
nals the large majority of the pleiotropic activities of TNF, 
including cytotoxicity, fibroblast prolilat^tipfii resistance 
to chlamidiae, synthesis of prostaglacKJih ^, ar^i-viral ac- 
tivity, and manganese superoxide dismutf^e induction 
(Engelmann et al., 1990; Espevik et al.. 1^0;»Jartaglia 
et al. , 1 991 ; Wong et al., 1 992). Transfectiontl&ased assays 
for TNF-R1 have recently been developed by several 
groups (Tartaglia and Goeddel, 1992b; BraKebusch et al., 
1992; Wiegmann et al., 1992), confirming the role of TNF- 
R1 in signaling cytotoxicity, anti-viral activity, ancj^the stim- 
ulation of several second messenger pathway^. Mutant 
TNF-Rls in which the majority of the intracellular domain 
has been removed are defective in initiating cytotoxicity, 
demonstrating the importance of this domain in mediating 
TNF signals (Tartaglia and Goeddel, 1992b; Brakebusch 
et al., 1992). 

It has recently been shown that the Fas antigen, a mem- 
ber of the TNF/NGF receptor superfamily, can signal a 
programed cell death very similar to that mediated by TNF 
(Itoh et al., 1991). Fas antigen is involved in the negative 
selection of autoreactive T cells, and mice carrying a muta- 
tion in the intracellular domain of Fas antigen suffer from 
a dramatic autoimmune disorder (Watanabe-Fukunaga et 
al., 1992). In addition, a region of weak homology has been 
noted between the intracellular domains of TNF-Rl and 
Fas antigen (Itoh et al., 1991). 

While the mechanism of programed cell death is not 
well understood, the importance of this process in biology 
is becoming increasingly apparent. The TNF-R1 transfec- 
tion assay provides an ideal system for defining a signaling 
domain that can initiate programed cell death. Here we 
have defined an -80 amino acid domain within TNF-R1 
that can transmit a cytotoxic signal and that is also im- 
portant in the signaling of other TNF activities. Further- 
more, the spacing of this "death domain" relative to the 
ECD of TNF-R1 can be altered without loss of function. 

Results 

Delineating the TNF-R1 Death Domain 

We showed previously that murine L929 cells expressing a 
transfected human TNF-R 1 could be stimulated by agonist 
anti-human TNF^RI antibodies (anti-hR1) to initiate a sig- 
nal for cytotoxicity (Tartaglia and Goeddel, 1992b). Fur- 
thermore, a mutant TNF-R 1 lacking the majority of its intra- 
cellular domain was d fective in signal generation 
(Tartaglia and Goeddel, 1992b). To define better the se- 
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Figure 1 C-Terminal Truncations of TNF-RI 

(A) Amino acid sequences of the C-ierminat region of murine and human TNF-RI (Lewis et al., 1931) 
in the two species. Horizontal bars represent the C-terminus of mutant receptors, shaded regions 
indicate deleted sequences. Expression of the mutant receptors in individual L929 clones was isse 
the expression profiles and clone numbers of the two individual L929 clones assayed m TabU^ i ■ 
(dotted curve). Cells were stained with anti-hTNF-RI MAb 984 and phosphatidyiethanolamine-cr ^-ju 
thousand cells were analyzed per sample. Histograms show relative cell number (y axis) vers .?- 
axis). 

(B) Killing of L929 clones expressing TNF-Rls truncated for 14 and 20 C-terminal residues. Clc-es 
(closed circles) were treated with the indicated concentrations of anti-hRl and 10 ng/ml cyclohe , -n 
described previously (Tartaglia and Goeddel. 1992b). 



quences important for signaling cytotoxicity, we con- 
structed expression vectors for a series of mutant recep- 
tors containing various C-terminai truncations (Figure 1 A). 
The mutant receptor constructs were transfected into mu- 
rine L929 cells, and several independent L929 clones ex- 
pressing each of the mutant receptors were identified by 
flow cytometry (Figure 1A). At least two L929 clones ex- 
pressing each of the mutant receptors were then assayed 
for a cytotoxic reaction in response to anti-hRl. 

Mutant receptors in which 20 or more amino acids had 
been removed from the C-terminal end were found to be 
defective in signaling cytotoxicity, while a receptor trun- 
cated for the C-terminal 1 4 amino acids was still functional 
(Figure 1 A and Table 1 ). The absolute importance of infor- 
mation contained between positions -14 and -20 is fur- 
ther illustrated in Figure 1 B, in which the anti-hRl sensitivi- 
ties of L929 clones expressing the corresponding receptor 
mutants are compared in a dose response assay. These 
data indicate that the C-terminal extension of the cytotoxic- 
ity-signaling domain lies between positions -20 and -14. 

To define the N-terminal extension of the cytotoxicity 
signaling domain, a series of TNF-RI internal deletions 
were made and expressed in L929 cells. Several of these 
deletions removed large amounts of sequence in the mem- 
brane-proximal half of the intracellular domain without de- 
stroying the ability of TNF-RI to signal cytotoxicity (Figure 
2 and Table 1). The largest deletion that did not eliminate 
th cytotoxic signal extended from amino acid 212 (very 
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Table i Signaling of Cytotoxicity by L929 Clones Exp^ 
Human 7NF-R1 Deletion Mutants 



L929 Clone 



Viability (%) 



neo 3 


98 ± 1 


hRl.l7 


4 ± 1 


hRl.15 


3 ± 1 


A37S-426 3 


100 ± 5 


A376-426 6 


102 ± 1 


A385-426.1 


97 ± 2 


A385-426.7 


96 ± 3 


A396-426.3 


101 ± 2 


A396-426.5 


90 ± 2 


A407-426.9 


94 ± 6 


A407-426.20 


101 ± 4 


A41 3-426. 11 


2 ± 1 


A41 3-426.2 


10 ± 2 


A258-308.16 


17 ± 2 


A258-308 19 


12 ± 2 


A21 2-308.2 


7 ± 2 


A21 2-308.29 


4 ± 3 


A258-326 9 


15 ± 8 


A25a-326.24 


45 ± 8 


A21 2-326.2 


55 ± 7 


A21 2-326.5 


43 ± 8 


A21 2-340 20 


98 ± 8 


A21 2-340.21 


101 ± 4 



Two independent L929 clones were examined for each TNF-Rl c-^le- 
tion mutant. Cells were treated for 24 hr with a 1 :400 dilution of agr -i.^t 
anti-human TNF-R1 antibody (anti-hRl) in the presence of 10 j' 
cycloheximtde. Values are expressed as percentage viability ( ± 
n = 3) compared with the same cells treated with cycloheximide o 
L929 clone neo. 3 is a G4l8-resistant control. hRl .17 and hRl 15 ex 
press the wild-type human TNF-Rl and have been referred to r.re- 
viously as L929.hRl.l7 and L929.hRl.15 (Tartaglia and Goeddel. 
1992b). 



Wild type 
A258-308 
A21 2-308 
A258-326 
A2 12-326 
A2 12-340: 
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Figure 2. Internal Deletions within the TNF-Rl Intracellular Dome 
The locations of deleted intracellular domain sequence m four mut. 
sequence; dotted regions indicate deleted sequences. Expression c 
analysis as in Figure 1 Shown a(V the expression profiles and c' 
With a L929-neo control clone (dotted cun/e). 
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Figure 3, Substitution Mutagenesis of the Death Domain 

The ammo acd sequence of the TNF-Rl death domain (ammo acds 326-413) ,s compared w.th the homologous reg.on 'f'*/^; ^"''9«" 
,n,race,.u,ar domam Ammo acds ,den„ca, m the two sequences are s.,ppled The N-,erm,na, and C.ermma, 

are indicated Ammo acids converted to alanine (A) by site-directed mutagenesis are mdicated by an arrow pointing to the letter A. Leu-351 was 
a ^ Changed to Asparagine (N). A minus sign immediately below the letter A or N indicates that TNF-Rl could not signal cytotoxicity when this 
Tgle ammo acid replacement was made. A minus sign immediately below a bracket mdica.es that TNF-R1 could no. signal ^Vto^ 
he corresponding group o. 2 or 3 ammo acids was mutagenized. Expression of the mutant receptors m individual ^, "^^J^^^,"^ 
flow cytometric analysis as m Figure 1 . Shown are the expression profiles of the individual L929 clones assayed m Table 2 m comparison with a 
L929-neo control clone (dotted curve) 



65 ammo acid homology region (from Phe-345 to lle-408). 
This may suggest that a folded protein domain within TNF- 
Rl makes multiple noncontiguous contacts with other pro- 
teins involved in signal transduction. Third, the critical in- 
formation between positions -14 and -20 (identified in 
the deletion analysis) may be the lie that is conserved 
between Fas and TNF-R1 , since substitution of only this 
conserved lie results in a defective cytotoxic signal. 

To determine whether the region within TNF-R1 that is 
responsible for signaling cytotoxicity is interchangeable 
with the corresponding region in the Fas antigen, a TNF- 
Rl -Fas antigen fusion was generated and expressed in 
L929 cells. The fusion protein contains TNF-R1 sequences 
from position 1 to 323 fused to Fas sequences from posi- 
tion 210 to 319. This fusion therefore replaces TNF-Rl 
sequences beginning 3 amino acids before the N-terminal 
extension of the death domain with the corresponding Fas 
antigen sequences. The position of this fusion junction 
also results in a precise swap of amino acids encoded 
on the final axons of the TNF-R1 and Fas antigen genes 
(Fuchs et al., 1992; S. Nagata, personal communication). 
Three independently isolated L929 clones expressing this 
fusion protein showed modest cytotoxicity in response to 
anti-hRI (Table 2), further demonstrating the relevance of 
the homology between these two proteins. 

Positional Flexibility of Death Domain Relative 
to ECD 

Considerable evidence has accumulated that the mecha- 
nism of TNF-Rl triggering involves the cross-tinking of 
receptors by the TNF ligand (reviewed by Tartaglia and 
Goeddel. 1992a). It has also been demonstrated that the 
association of intracellular domains is critical in signal gen- 
eration (Tartaglia and Goeddel, 1992b). It therefore sur- 
prised us when large internal deletions between the trans- 



membrane region and the death domain did not interfere 
with signaling. These internal deletions might be expected 
to destroy the register between the ligand cross-linked 
ECDs and the associating intracellular domain se- 
quences. Therefore, information contained in the orienta- 
tion of TNF-Rl cross-linking would be lost upon removal 
of internal sequences and could potentially interfere with 
proper association of the intracellular domains. However, 
a possible explanation for the positional flexibility of the 
death domain relative to the ECD in our experiments is 
that polyclonal antibodies were used as ligand. These anti- 
bodies may cross-link the TNF-R1 molecules in a variety 
of orientations. We tested whether TNF itself could trigger 
cytotoxicity through mutant receptors with altered spacing 
between the ECDs and the death domain. This required 
blocking of the endogenous murine TNF-Rl on the L929 
clones by pretreatment with an antagonist monoclonal an- 
tibody (MAb) against murine TNF-Rl. These cells were 
then treated with TNF (which now has access only to the 
transfected human TNF-Rl) and assayed for cytotoxicity. 
L929 cells expressing either the wild-type human TNF-Rl 
or mutant TNF-Rls with large deletions between the ECD 
and the death domain were all sensitive to TNF, even after 
access to the endogenous murine TNF-Rl was blocked 
(Figure 4). This indicates that the death domain has posi- 
tional flexibility relative to the TNF cross-linked ECDs and 
suggests that information contained in the orientation of 
receptor aggregation may not be critical in signal gen- 
eration. 

Etf ct f TNF-Rl Mutations on th Signaling of 
Antiviral Activity and th Inducti n of Nitric 
Oxid Synthase 

TNF-R1 is known to signal a large number of diverse bio- 
logical activities in addition to cytotoxicity. We thus were 
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Table 2 Signatmg of Cytotoxicity by Human TNF-RI Mutants 



L929 Clone Viability (%) 



neo.3 95 ± 2 

hRl.l7 4 ± 1 

hRl 15 3 ± 1 

K343, F345, R347 1 99 i 5 

K343, F345. R347 W 102 ± 3 

E369. W378. R379 3 92 ± 4 

E369, W378, R379 16 96 ± 5 

R384, E386.14 3 ± 1 

^ R384, E386.15 30 ± 5 

E390. E406.13 97 ± 6 

E390. E406 14 96 ± 3 

K343.18 22 ± 5 

K343 23 43 ± 2 

F345.9 90 ± 2 

F345 23 87 ± 16 

R347.1 88 ± 4 

R347 21 94 ± 7 

^ L351 24 109 ± 5 

L351.25 97 ± 2 

* L351.10-N 101 ± 8 
f L351.12-N 97 ± 4 
I E369.19 90 ± 7 
^ E369 22 93 ± 2 

* W378 19 92 ± 8 
W378 4 88 ± 6 
R379.8 16 ± 3 
R379.19 2 ± 2 

* E390,21 75 ± 4 
E390.24 47 ± 5 
E406 5 30 ± 1 
E406.7 50 ± 10 
1408.4 86 ± 3 
1408.6 87 ± 9 
E410.2 21 ± 2 
E410.5 2 ± 1 
Rl-Fas.3 59 ± 9 

- Rl-Fas,9 68 ± 7 



Two independent L929 clones were examined for each TNF-RI mu- 
tant. Cells were treated for 24 hr with a 1:400 dilution of anti-hRl 
polyclonal antibody m the presence of 1 0 tig/ml cycloheximide. Values 
^ are expressed as percentage viability (± SD, n = 3) compared with 

the same cells treated with cycloheximide alone. All listed mutations 
were alanine substitutions unless othenwise indicated. 



interested to learn whether mutations that affected the 
signaling of cytotoxicity altered the signaling of other TNF 
activities. We have recently shown that the known anti- 
viral activities of TNF are signaled by TNF-R1, and that 
human TNF-RI (together with interferon y [IFN-y]) can 
transmit an anti-viral signal when expressed in murine 
L929 cells (Wong et a!., 1992). We therefore assayed mu- 
tant human TNF-R 1 s expressed in L929 cells for their abil- 
ity to transmit a signal that results in protection from subse- 
quent infection by vesicular stomatitis virus (Table 3). All 
mutations tested within the death domain that blocked the 
signaling of cytotoxicity also eliminated the signaling of 
anti-viral activity, while the mutations that did not eliminate 
the cytotoxic signal also did not interfere with the anti-viral 
signal. In addition, the large deletions between the ECD 
and death domain that did not block the signaling of cyto- 
toxicity also did not block the signaling of anti-viral activity. 
This inability to separate th signaling of cytotoxicity and 
anti-viral activity by the many TNF-RI mutations suggests 




neo hR1 A258-308 A21 2-308 



Figure 4. TNF Killing of L929 Cells Expressing TNF-R Is with Altered 
Spacing between the ECD and Death Domain 
A control L929 clone (neo. 5) and L929 clones expressing wild-type 
(hR1 .1 7) or mutant TNF-RI s (A2 58- 308. 16 and A2 12-308.2) were pre- 
treated for 1 hr with a 1:10 dilution (hybndoma supernatant) of anti- 
munne TNF-RI MAb 176. Cells were then further treated with 100 ng/ 
ml TNF for 24 hr m the absence of cycloheximide. Cell viability was 
determined as described previously (Tartaglia and Goeddel. 1992b). 

that a common signal from TNF-R1 initiates both the cyto- 
toxic and anti-viral programs. 

Another important biological activity mediated by TNF 
in combination with IFN-y is the induction of a nitric oxide 
(NO) synthase activity (Farrar et al., 1992). Preliminary 
experiments with agonist antibodies to murine TNF-RI 
and TNF-R2 showed that in L929 cells this TNF activity 
was mediated by murine TNF-R1 (data not shown). In addi- 
tion, human TNF-R1 could initiate NO induction in L929 
cells that were transfected with wild-type human TNF-R1 
(see below). To determine whether the same mutations 
that interfere with the signaling of cytotoxicity and anti-viral 
activity also interfere with the induction of NO synthase, 
we assayed L929 clones expressing the mutant human 
TNF-R 1s for NO synthase induction in response to anti- 
hRl and murine IFN-y (mIFN-y). As shown in Table 3, 
mutations within the death domain of TNF-R1 that are 
negative for cytotoxicity are also negative for NO synthase 
induction. The negative data obtained for these mutant 
receptors are not due to the inability of the host L929 
clones to induce NO synthase, because these clones 
could still induce NO through the endogenous murine 
TNF-R1 in response to either anti-murine TNF-RI antibod- 
ies or TNF itself (data not shown). Mutations within the 
death domain that did not block the signaling of cytotoxicity 
also did not block the signaling of NO synthase induction. 
Therefore, the signal initiated from the death domain that 
is responsible for cytotoxicity may also be required for NO 
synthase induction. Interestingly, all of the large deletions 
between the transmembrane domain and the death do- 
main eliminated the signaling of NO synthase induction 
(Table 3). The signaling of NO synthase induction thus 
appears to require both an intact death domain and addi- 
tional sequences in the N-terminal half of the intracellular 
domain. 
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Table 3. Summary of TNF-Rl Mutational Analysis 


Receptor 
Mutatton 


Stgnaling 

■■ ■ ■ 

^yiuiOJiidiy 


NO Synthase 
Antiviral Induction 


Wild type 








A 245-426 


- 


_ 


- 


A 3 76-426 


- 


ND 


ND 


A385-426 


- 


ND 


ND 


A396-426 


- 


ND 


ND 


A 407-426 


- 




_ 


A4 13-426 








K343. F345. R347-*A 


- 






K343^A 








F345^A 




_ 


_ 


R347^A 


_ 


_ 




L351^A 


_ 




_ 


L351-N (Ipr) 


_ 


- 


- 


E349, W378. R379-*A 


_ 


ND 




E369-*A 








W378-*A 


_ 






R379-A 




-♦- 




R384. E386-A 








E390, E406-*A 








E390^A 






-t- 


E406-A 






+ 


1408-A 








E410-*A 






+ 


A258-308 




-t- 




A258-326 




+ 




A21 2-308 




+ 




A2 12-326 








A21 2-340 






ND 



For each of the indicated mutations, at least two independently isolated 
L929 clones expressing the corresponding mutation were analyzed. 
Triplicate determinations were made on each L929 clone for the cyto- 
toxicity (see Tables 1 and 2) and NO assays, and sextuplicate determi- 
nations were made for the antiviral assay. A plus sign m the cytotoxicity 
assay indicates greater than 50% cytotoxicity under the conditions 
described m Tables 1 and 2, while a minus sign indicates less than 
20% cytotoxicity. A plus sign in the antiviral assay indicates greater 
than 75% survivaJ under the conditions described in Experimental 
Procedures, while a minus sign indicates less than 25% survival. In 
the antiviral assay, agonist antibody activation of the wild-type receptor 
in hPl .17 cells resulted m 30% ± 2% survival. Survival in untreated 
cells was typically between 1 5% and 20%. The reliable detection limit 
of the NO synthase assay was 0 3 nmol of nitrite per 10* cells under 
the conditions described in Experimental Procedures. A minus sign 
indicates that nitrite levels measured after induction were below the 
reliable detection limit. A plus sign indicates that nitrite levels were 
induced to greater than 0.8 nmol per 1 0* cells. In the NO assay, agonist 
antibody activation of the wild-type receptor in hR1,17 cells resulted 
in a measured nitrite level of 2.6 ± 0.2 nmol per 10' cells. ND. not 
determined 



A Subset of TNF-Rl Negative Mutations Have 
Dominant Negative Character 

In a previous report, we demonstrated that expression in 
L929 cells of a^runcated human TNF-Rl (missing the ma- 
jority of its intracellular domain) resulted in suppressed 
signaling by the endogenous murine TNF-R1 (Tartaglia 
and Goeddel, 1992b). This dominant negative effect was 
due to TNF cross-linking the functional endogenous recep- 
tors to the nonfunctional truncated receptors. The re- 
sulting receptor complexes lacked interacting intracellular 
domains and were therefore defective in signal generation 
(Tartaglia and Goeddel, 1992b; Brakebusch et al.. 1992). 



As described above, we have now identified a number of 
negative mutations within human TNF-Rl that result from 
only minor changes in intracellular domain sequence. We 
were now interested whether these less extensive muta- 
tions would also act as dominant negative mutations. 

As revealed by previous work (Tartaglia and Goeddel, 
1992b) and our preliminary experiments, an assessment 
of the dominant negative character of a mutant transmem- 
brane receptor is complicated by two factors: first, the 
extent of the dominant negative effect is highly dependent 
on the expression level of the mutant receptor; and sec- 
ond, even mutant receptors that do not have true dominant 
negative character can appear to reduce the sensitivity of 
a cell to TNF in a dose response assay if the ligand is 
titrated from the assay media. To circumvent the first prob- 
lem, we restricted our analysis to only those few cell lines 
in which the expression level of human TNF-Rl was equal 
to or greater than that in a well-characterized control cell 
tine (L929.hR1A.4; Tartaglia and Goeddel, 1992b). This 
control line expresses a truncated TNF-R1 at a level that 
significantly suppresses signaling by the endogenous mu- 
rine TNF-Rl . To circumvent the problem of ligand titration 
from the assay media, we examined the TNF sensitivity 
of L929 clones under conditions of extreme ligand excess 
(50 nM) and in the absence of cycloheximide. Several of 
the TNF-Rl mutations clearly acted as dominant negative 
mutations, as evidenced by the decreased TNF sensitivity 
of the corresponding L929 clones (Table 4). As shown 
previously for the L929.hR1A.16 clone (Tartaglia and 
Goeddel , 1 992b), the decreased sensitivity of these clones 
was not due to differences in murine TNF-Rl levels or the 
signal transduction apparatus, because pretreatment with 
a human TNF-R1 antagonist antitx)dy restored normal 
sensitivity (data not shown). Interestingly, several of the 
cytotoxicity-signaling negative mutations did not act as 
dominant negative mutations, despite high level receptor 
expression. There was a clear pattern in the intracellular 
domain location of these mutations. Mutations that dis- 
rupted the N-terminal half of the death domain had domi- 
nant negative character, while those that disrupted infor- 
mation in the C-terminal half of the death domain did not. 

Discussion 

Despite the absence of recognizable signaling motifs or 
kinase homologies, the 55 kd TNF receptor (TNF-Rl) sig- 
nals a large number of diverse biological activities. Of par- 
ticular interest is its ability to initiate a rapid cytotoxic pro- 
gram, since the signaling mechanisms of programed cell 
death are poorly understood. To understand better the 
mechanisms by which TNF-R1 signals cell death and other 
important biological responses, we have begun to define 
sequences within its intracellular domain that are required 
for function. 

Through a series of both C-terminal truncations and in- 
ternal deletions, we have identified an - 80 amino acid 
domain within the 221 amino acid intracellular region of 
TNF-Rl that is required and sufficient for initiating the 
signal for cytotoxicity. The C-terminal extension of this 
domain is close to the C-terminus of the receptor (removal 



TNF-R1 Mutagenesis 
851 



Table 4 Dominant Negative Character ot Human TNF Ri ' 



Cells were treated for 18 hr with 50 nM TNF. Values are expres' 
as percentage viability { ± SD, n =» 6) compared with controls. C! 
A 245-426 4 was referred to previously as L929,hRl A 4 (Tartaglia 
Goeddel, I992b). 



of the terminal 20 but not the terminal 14 amino acic 
eliminates signaling), and the N-terminal extension is ne 
the center of the intracellular domain primary sequeni 
Sequence information within the N-terminal half of the i. 
tracellular domain does not appear to be required for the 
cytotoxic signal. The results of both the C- and N-termin?! 
deletion analysis are very consistent with the homologv 
between the mouse and human TNF-Rls (Lewis et ai 
1991). Strong conservation between the murine and ht 
man TNF-Rls begins very close to the N-terminal exten- 
sion of the death domain. In addition, this homology drops 
off abruptly in the C-terminal 14 amino acids. 

The 80 amino acid cytotoxicity-signaling domain (death 
domain) within TNF-R 1 contains a region of 65 amino acids 
that shows 28% identity to a region within the intracellular 
domain of Fas antigen. Although this homology is not ex- 
tensive, the Fas antigen can signal a programed cell death 
very similar to that signaled byTNF-R1 (Itoh et al., 1991), 
thus establishing a functional conservation between the 
two receptors. To test the relevance of the amino acid 
sequence homology, we performed alanine scanning mu- 
tagenesis on amino acids within the intracellular domain 
of TNF-R1 that are conserved with the Fas antigen. This 
revealed a number of residues within TNF-R1 that are 
critical for TNF-R1 function, further validating the signifi- 
cance of the homology between the intracellular domains 
of these two receptors. A number of these essential resi- 
dues are charged and so are likely to be exposed on the 
surface of the death domain. These residues may thus 
represent positions at which the TNF-R 1 intracellular do- 
main interacts with cytoplasmic proteins or possibly other 
TNF-R1 intracellular domains. The large number of such 
essential residues scattered throughout a region of - 65 
amino acids suggests that TNF-R1 does not display a short 
peptide that binds and stimulates an intracellular signaling 
component, but rather makes multiple noncontiguous con- 
tacts with a folded structural domain. However, our experi- 
ments do not rul out the possibility that some of the amine 
acid replacements may disrupt proper folding of the intra 
cellular domain. Wheth r Fas and TNF-R1 interact wit; 
common or different intracellular signaling proteins re 
mains to be determined. It is possible that the relativfj 



L929 Clone 



Viability CM)) 



neo 3 

A245-426.4 

A212-340.8 

K343. F345, R347 1 

F345.9 

R347.1 

R347 21 

E390, E406.13 

1408.4 

A 407-426 2 

A407-426 9 



1 7 ± 0.5 
55 7 ± 2 .3 
78.9 ±47 
21,2 ± 10 
33 4 ± 1.0 
35.4 ± 0,5 
50 3 ± 2 2 

5.7 ± 2,1 
6,4 ± 0 5 

1.8 ± 0,6 

2 0 ± 0.4 
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yama et al.. 1992) The interleukin 2 P chain requires only 
its serine-rich domain to signal for proliferation in BAF3 
cells, yet c-^os induction requires both the senne-rich do- 
main and an additional region. 

The triggering of TNF-Rl is a consequence of the cross- 
iinking of TNF-Rl monomers by either anti-receptor anti- 
bodies or the TNF trimer (reviewed by Tartaglia and Goed- 
del. 1992a). The analysis discussed above has defined 
amino acids that, when mutated in all chains within a ho- 
moreceptor complex, destroy the ability to function. How- 
ever, we were also interested in distinguishing between 
intracellular domain inlormation that is required in all TNF- 
Rl molecules and information that is more redundant in 
the receptor complex. An analysis of the dominant nega- 
tive character of a mutant transmembrane receptor should 
provide insight into this. Those receptors mutated for intra- 
cellular domain information that is required in all receptor 
chains within a complex should suppress signaling when 
cross-linked to functional receptors. Alternatively, muta- 
tions in information not required in all receptor chains 
would not be expected to have strong dominant negative 
character upon their cross-linking to intact receptors. 

Our analysis of several inactive TNF-R1 s identified both 
classes of mutations: those that had dominant negative 
character and those that did not. The differences observed 
between these two classes were not a consequence of 
expression level, but rather were a function of the location 
at which the mutation occurred in the intracellular domain. 
Those mutations that disrupted information in the N-ter- 
minal half of the death domain had dominant negative 
character, while those that disrupted information in the 
C-terminal half did not. One possible explanation for these 
two phenotypes is that sequences in the N-terminal half of 
the death domain are involved in intracellular domain asso- 
ciation. Therefore, when the TNF ligand cross-links such 
mutant receptors to wild-type receptors, proper intracellu- 
lar domain association does not occur, and the receptor 
complex cannot be activated for signaling. In contrast, 
sequences in the C-terminal half may not be critical for 
intracellular domain association and the subsequent con- 
version to an active complex; rather, they may associate 
with intracellular signaling molecules, and the association 
of every receptor chain with a signaling molecule may not 
be essential for the generation of a signal. 

A more complete understanding of the signaling of pro- 
gramed cell death will require both structural studies on 
the death domains of TNF-R 1 , Fas antigen, and other simi- 
lar molecules and the identification of intracellular mole- 
cules that interact with them. It will also be of interest to 
learn whether there exists a family of intracellular killing 
proteins that provides the specificity for programed cell 
death in differer^t tissues. This information might provide 
the tools to manipulate eel! death both positively and nega- 
tively for the treatment of many disease states. 

Experimental Procedures 

Reagents 

Recombinant human TNF (of specific activity over 10^ U/mg) and 
mlFN-7 were provided by the Genentech manufacturing group. The 
rabbit anti-munne TNF-R1 and rabbit anti-hRl polyclonal agonist anti- 



bodies have been described previQusiy fT artagi'a and Gcedde!. 1991 . 
Tartaglia and Goeddel. I992b). The titer of the anti-hRl was 1 150,000, 
as quantitated by a direct antigen-coated enzyme linked immunosor- 
bent assay. MAb 984 against human TNF-Rl inhibits the binding of 
TNF to human TNF-R1 and has also been described previously (Tar- 
taglia and Goeddei. 1992b). MAb 176 against murine TNF-Rl inhibits 
the binding of TNF to murine TNF-Rl (Tartaglia et al , 1993) 

TNF-R1 Mutagenesis 

The starting plasmid for the TNF-Rl mutagenesis contained the cDNA 
encoding wild-type TNF-Rl cloned into the Rous sarcoma virus long 
terminal repeat expression vector pRIS and has been described pre- 
viously (Tartaglia and Goeddel, 1992b). Plasmids encoding human 
TNF-Rl s with C-terminal truncations were generated by replacement 
of sequences between the Hindlll restriction site and convenient re- 
striction sites with synthetic DNA containing an m-frame stop codon. 
Verification of correctly modified cDNAs was determined by double- 
strand ONA sequencing. All internal deletions and substitution muta- 
tions were generated by site-directed mutagenesis as follows. Regions 
of the TNF-R1 to be mutated were subcloned into Bluescrtpt SK(-'-) 
(Stratagene) and made single stranded in the duV ung F Escherichia 
coll CJ236 strain. Oligonucleotides that contained the desired mutation 
and were complementary to the single-stranded template were used 
for primer extension (Kunkel et al.. 1987). The primer-extended product 
was transformed into DH5aF'. Following DNA sequencing to confirm 
the sequence of the mutated region, the TNF-Rl fragment was sub- 
cloned back into the pRiS expression vector. 

Generation of Murine L929 Clones Expressing Human TNF-Rl 

The expression vectors encoding the mutant human TNF-Ris were 
introduced tnto mouse L929 cells by etectroporation. Cells (5x10* 
in 1.0 ml) were cotransfected with 0.5 ^g of Seal-digested pRK.neo 
and 20 ^g of Seal-digested TNF-Rl expression vector. Cells were 
plated into 15 cm plates and, after 2 days, selected in medium con- 
taining 600 ug/ml G418. After 12 days, individual G41&-resistant 
clones were picked and expanded. To examine the expression of hu- 
man TNF-Rl, cells were incubated on ice for 60 min with 100 ug/ml 
anti-hRl MAb 984 m phosphate- buffered saline containing 2% fetal 
bovine serum. The cells were then washed and stained with phosphati- 
dytethanolamine-eonjugated goat anti-mouse immunoglobulins (Cat- 
tag Latjoratories) and analyzed on an Epics Elite instrument (Coulter 
Electronics). 

L929 Cytotoxicity Assay 

L929 cells (2 x 10* per well) were seeded into 96-weH microtiter plates 
in 100 ul of medium (low glucose Dulbecco's modified Eagle's medium 
[DMEM] supplemented with 10% fetal calf serum, 1% L-glutamine, 
100 U/ml penicillin, and 100 mg/ml streptomycin; GIBCO) and incu- 
bated for 24 hr at 37°C in a 5P'b C02 atmosphere. The medium was 
then brought to 10 ug/ml cycloheximide, and the anti-hRl or TNF was 
added to the wells and serially diluted. The plates were tncubated for 
an additional 24 hr (or 18 hr for the dominant negative assay) and the 
viable cells stained with 20% methanol containing 0 5% crystal violet. 
The dye was eluted with 0.1 M sodium citrate/0.1 M citnc acid and 
50% ethanol, and absorbance was measured at 540 nm. 

NO Assay 

Cells were seeded at 1 x 10^ cells/ml in Corning 24-wetl tissue culture 
plates, incubated at 37*'C for 24 hr, and then treated with mlFN-y (50 
U/ml), alone or m combination with TNF (100 ng/ml), anti-hRl (1400 
dilution), or anti-mP1 (1:1000 dilution). After 48 hr at 37°C, superna- 
tants were assayed for nitrite by the Gretss reaction (Green et al . 
1982). 

Antiviral Assay 

A suspension of cells (100 ul) at 2 x l0*/ml m DMEM supplemented 
with a 5% fetal calf serum was added to each well of a 96-well plate 
for 24 hr before the assay Anti-hRl was then added to the attached 
cells at a 1 400 dilution m combination with 0.1 ng/ml mlFN-y After 
24 hr. cells were challenged with vesicular stomatitus virus diluted m 
DMEM with 2% fetal calf serum at a multiplicity of infection of 0 1 and 
were further incubated at 37<'C. After 24 hr. virus control wells were 
checked by microscopic examination to confirm >80% lysis. The fluid 
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from alt wells was poured oft. and the attached viable cells were stained 
with 0 5°'o crystal violet .n methanol for 1 5 rrun at ambient temper- 
ature Cell viability was determined by eluting the dye from the stained 
cells with 0 1 M sodtum citrate/0 1 M citnc acid and SQo^o ethanol and 
measuring absorption at 540 nm. No anti-viral activity was mediated 
by miFN-Y alone under the conditions of this assay. 
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The yeast-based two hybrid system has been used to 
determine whether oligomerization of the intracellular 
domain of the 55-kDa type 1 txunor necrosis factor (TNF) 
receptor may occur during TNF action. This assay de- 
pends upon reconstitution of the function of the GAL4 
transcriptional activator through interaction of a pro- 
tein fused to the GAL4 DNA binding domain with a pro- 
tein fused to the transcriptional activation domain of 
GAL4. Fusion of the type 1 TNF receptor intracellular 
domain with the DNA binding domain and the transac- 
tivation domain of GAL4 led to activation of the lacZ 
indicator gene, demonstrating interaction of the recep- 
tor intracellular domain with itself. A HeLa cell cDNA 
library was searched for proteins that interact with the 
intracellidar domain of the type 1 TNF receptor. A pro- 
tein corresponding to amino acids 329-^26 in the type 1 
TNF receptor intracellular domain was identified by 
this screen. The aggregation domain was further de- 
nned by testing the ability of deletion mutants of the 
type 1 TNF receptor intracellular region to interact with 
the complete intracellular domain. These experiments 
map the aggregation domain to a sequence of amino 
acids previously shown to be responsible for mediating 
TNF-induced cytotoxicity. These results suggest that ag- 
gregation of type 1 TNF receptor intracellular domains 
may be important in TNF signal transduction. 



Tumor necrosis factor {TNF)^ is a multifunctional cytokine 
produced predominantly by macrophages activated by infec- 
tions or malignancies (1-3). TNF induces the hemorrhagic ne- 
crosis and regression of cancers in animals by inducing an 
inflammatory response in tumor capillary beds and elicits ap- 
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55-kDa tumor necrosis factor receptor; TNFR-2, 75-kDa tumor necrosis 
factor receptor; TNFR-lIC, intracellular domain of TNFR-1; TNFR-2IC, 
intracellular domain of TNFR-2; NGF, nerve growth factor. 



optosis through direct interactions with transformed cells. TNF 
also promotes immunity, antiviral responses, inflammation, 
shock, and, in some chronic diseases, the syndrome of v^^asting 
and malnutrition known as cachexia (1-3). 

The first step in TNF action is binding to specific receptors 
that are expressed on virtually all cells (4-7). Two distinct 
receptors for TNF have been identified and characterized as 
proteins of 55 kDa (the type 1 receptor, TNFR-1) and 75 kDa 
(the type 2 receptor, TNFR-2) (8-11), and the cDNAs encoding 
each have been cloned (12-14). The extracellular domains of 
the TNF receptors share homologies with one another and with 
a group of cell surface receptors, which include the FAS anti- 
gen, the low affinity NGF receptor, 4-lBB, CD40, OX40, and 
CD27 (15, 16). The intracellular domains of members of the 
TNF/NGF receptor superfamily are distinct and are believed to 
couple to different signal transduction pathways. Consistent 
with this, the TNF receptors induce different cellular re- 
sponses. TNFR-1 promotes cytotoxicity, fibroblast proliferation, 
antiviral responses, and the host defense against microorga- 
nisms and pathogenic factors (10, 17-20); TNFR-2 induces the 
proliferation of T cells (21). 

Deletion analysis of the intracellular domain of TNFR-1 
(TNFR-lIC) has identified a sequence of about 80 amino acids 
in the C terminus responsible for inducing cytotoxicity (22). 
Overexpression of non-functional TNFR-1 deletion mutants 
lacking portions of the cytoplasmic domain suppress signaling 
by non-defective, endogenous TNF receptors (23, 24). One in- 
terpretation of the ability of the dominant negative mutants to 
abrogate TNF-induced cytotoxicity is that aggregation of 
TNFR-lIC is necessary for initiating signal transduction 
(22, 23). 

The present studies were initiated to directly test whether 
the TNFR-lIC is capable of aggregation. To test this experi- 
mentally, we have used the two-hybrid system, a yeast-based 
method for studying protein-protein interactions (25, 26). The 
method is based on the properties of the yeast GAL4 protein, 
which consists of separable domains that mediate DNA binding 
and transcriptional activation. Plasmids encoding two hybrid 
proteins, one consisting of the GAL4 DNA binding domain 
fused to protein X and the other consisting of the GAL4 acti- 
vation domain fused to protein Y, are co-transformed into yeast. 
Interaction between proteins X and Y permits transcriptional 
activation of an integrated copy of the gal4~lacZ reporter gene. 
The yeast two-hybrid system has also been used to screen 
cDNA expression libraries for genes encoding proteins that in- 
teract with any protein under study In this manifestation of 
the method, yeast are co-transformed with a plasmid express- 
ing the GAL4 DNA binding domain fused to the protein of 
interest and a pool of plasmids encoding GAL4 activation do- 
main cDNA library fusion proteins. 

To determine whether TNFR-lIC is capable of aggregation, 
plasmids in which this domain was fused with both the GAL4 
DNA binding domain and the GAL4 trans-activation domain 
were constructed. Co-transformation of these plasmids into 
yeast activated the lacZ indicator gene, indicating interaction 
of TNFR-lIC with itself We have also screened a HeLa cell 
cDNA library for encoded proteins capable of binding to TNFR- 
lIC. One protein identified by this procedure corresponded to 
amino acids 329^26 within TNFR-lIC, which must contain 
the domain essential for aggregation. Finally, we assayed the 
ability of deletion mutations of TNFR-lIC to interact with the 
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complete intracellular domain. These experiments map the ag- 
gregation domain to the sequence of amino acids in the C ter- 
minus of TNFR-1 responsible for mediating cytotoxicity. 

MATERIALS AND METHODS 

Bacterial and Yeast Strains—Mi yeast strains and plasm ids for two- 
hybrid experiments were obtained from Clontech (Palo Alto, CA) as 
components of the MATCHMAKER Two Hybrid System. Yeast strains 
SFY526 (A/A7a, ura3'52, his3200, ade2-101, lys2^01, trpl 902, 
leu2^, 112, can\gal4-542, gal80-538, URA3::GALl lacZ) and HF7c 
{MATa, ura3'52, his3-200, lys2 801, ade2-101, trpl-901, leu2^, 112, 
gal4~542, gal80-538, LYS2::GALLHIS3, URA3:iGAL4 17-mers)^- 
CYCl'lacZ) were used to assay for protein -protein interactions. Yeast 
strain HF7c was used for library screening. SFY526 has the upstream 
activating sequence and TATA sequences of the GALl promoter fused to 
the lacZ gene. In HF7c, HIS3 is fused to a GALl promoter sequence and 
LacZ is fused to three copies of a 17-mer GAL4 consensus sequence plus 
the TATA sequence of the CYCl promoter. Both HIS3 and LacZ are 
responsive to GAL4 activation. The Escherichia coli strain of XLl-blue 
(Stratagene) was employed in the cloning of plasmids unless otherwise 
noted. Transformation of yeast strains were performed according to the 
instructions in the MATCHMAKER Two Hybrid System. 

Construction ofpGBT9'55IC and pGAD424-55IC— Yeast shuttle vec- 
tor plasmids containing the GAL4 DNA binding domain {pGBT9) and 
the GAL4 activation domain (pGAD424) as well as the control plasmids 
pCLl {the wild type full-length GAL4 gene), pVA3 (the p53 gene), pTDl 
(SV40 large T antigen), and pLAM5' (the lamin gene) were from Clon- 
tech. For insertion of TNFR-1 IC into fusion vectors, two unique cloning 
sites in both pGBT9 and pGAD424, £coRI and BamHl, were used. PCR 
primers were designed to amplify TNFR-lIC using a cDNA clone of 
TNFR-1 in pUC19 (a gift from Dr. H. Loetscher, Hofmann-LaRoche Inc., 
Geneva, Switzerland) as the template with the EcoRl and SamHI re- 
striction sites linked to the 5' and 3' end primers, respectively. TNFR- 
2IC (a gift from Dr. H. Loetscher) and the human FAS antigen (a gift 
from Dr. S. Nagata, Osaka Bioscience Institute, Osaka, Japan) intra- 
cellular domain were amplified and subcloned into pGBT9 and 
pGAD424 by a procedure similar to that described for TNFR-lIC. PCR 
products were run on a low melting point agarose gel, cut out, melted, 
cleaned using a DNA Cleanup Kit (Promega), digested with appropriate 
enzymes, and finally ligated to the appropriate vector. Plasmid isolation 
was accomplished using the Wizard Miniprep and Maxiprep kits from 
Promega (Madison, WI). 

Library Screening— The human HeLa S3 MATCHMAKER cDNA li- 
brary was purchased from Clontech. pGBT9-TNFR-lIC was trans- 
formed into HF7c using the lithium acetate procedure as described in 
the manufacturer's instructions for the MATCHMAKER Two Hybrid 
System. Colonies of this transformant were confirmed as His" and 
LacZ" to insure that the TNFR-lIC alone does not contain transcrip- 
tional activity in HF7c. The HF7c transformant was grown overnight in 
Trp~ synthetic medium to ensure that every cell contained pGBT9- 
TNFR-IIC. The overnight culture was sequentially transformed with 
500 pg of a HeLa S3 cDNA library inserted into the two- hybrid activa- 
tion vector pGAD GH. Doubly transformed cells were plated on 50 Leu , 
Trp", His" plates. The cells were incubated for 5 days at 30 ""C before 
positive colonies were picked, restreaked onto triple minus plates, and 
assayed for the lacZ phenotype. Library clones from colonies that were 
His* LacZ* were isolated and retransformed alone, with pGBT9, with 
pGBT9-TNFR-lIC, and with pLAM5'. The library clones that activate 
the lacZ reporter gene only in the presence of pGBT9-TNFR-lIC were 
chosen for sequencing. Sequencing was conducted using the Sequenase 
sequencing kit (U. S. Biochemical Corp.). 

Construction of Deletions of TNFR I — Six primers were designed to 
amplify various regions within TNFR-lIC. All 5' primers were linked to 
EcoRl and the 3' primers were linked to Sam HI for easy and oriented 
cloning. All constructs were sequenced at the fusion sites to confirm 
in-frame fusion of TNFR-lIC and TNFR-lIC deletion mutants with 
pGBT9 and pGAD424. 

Color Development Assays — Yeast harboring both GA14 binding and 
activation domain fusion proteins were assayed for ^-galactosidase ac- 
tivity using filter and hquid assay methods. For filter assays, yeast 
transformantfi were transferred to nitrocellulose filters, permeabilized 
in liquid nitrogen, and placed on Whatman No. 1 filter paper that had 
been soaked in Z-buffer (60 miw Na2HP04, 40 mM NaH2P04, 10 mM 
MgClg, 50 mM ^-mercaptoethanol) containing 1.0 mg/ml 5 bromo-4- 
chloro-3-indolyl ^-D-galactoside at 30 °C. Positive colonies appeared in 5 
min to 10 h. For the liquid assay, cultures were grown overnight in the 
appropriate synthetic media and then diluted 5-fold in rich media 



Table I 

li-Galactosidase activity and filter color of fusion constructs 
Yeast strains SFY526 were transformed with various combinations of 
plasmids. p-galactosidase activity was assayed in SFY526 as described 
under "Materials and Methods." 



Protein fused to GAL4 domain 



DNA binding 
pVAS*^ 

pGBT-TNFR-lIC 
None 

pGBT-TNFR-lIC 

pGBT9 

None 

pGBT9 



Activating 



^-Galactoeidase 
activity 



Filter 
color 



pTDl'' 
None 

pGAD-TNFR-lIC 

pGAD-TNFR-lIC 

None 

pGAD424 

pGAD424 



617.0 ±41.7 
0.1 ±0.1 
0.2 ± 0.0 
23.7 ± 4.0 
0.4 ±0.1 
0.6 ± 0.3 
0.5 ±0.1 



Blue 

White 

White 

Blue 

White 

White 

White 



The plasmids pVA3 and PTDl contain murine p53 and SV40 large 
T-antigen, respectively, interact strongly, and serve as a positive control. 

(YPD) and grown until mid-log phase (A^ of 0.4-0.8). Cells were then 
snap-frozen in liquid nitrogen, thawed at 37 °C, and then further dis- 
rupted by vortexing with glass beads. The procedure of Miller (27) was 
then used to quantitate p-galactosidase activity; however, chlorophenol 
red-^-I>-galactopyranoside (Boehringer Mannheim) was used for color 
development and cell pellets were resuspended in 900 pi of buffer H 
(100 mM HEPES, 150 mM NaCl, 2 mM MgCL^, 1% bovine serum albumin 
at pH 7.0). 100 pi of 50 niM chlorophenol red-^-D-galactopyrano6ide was 
added following cellular disruption and the amount of liberated chloro- 
phenol red-p-D-galactopyranoside was determined by A^^^. Numbers 
represent ^-galactosidase activity in Miller units (27) and are expressed 
as the mean of triplicate determinations ± S.D. 

RESULTS 

TNFR-lIC was fused with the DNA binding domain and the 
transactivation domain of GAL4 to determine whether it is 
capable of self-interaction. Co-transformation of these plasmids 
into SFY526 activated the lacZ indicator gene and produced 
3-galactosidase activity (Table I). Yeast transformed with the 
DNA binding domain of GAL4 (pGBT9), the activation domain 
of GAL4 (pGAD424), the binding domain of GAM fused to 
TNFR-lIC (pGBT-TNFR-lIC), and the activation domain <rf* 
GAL4 fused to the TNFR-lIC (pGAD-TNFR-lIC) by them- 
selves were incapable of producing 0-galactosidase activity. 
These plasmids were also transformed into HF7c and tested for 
His^ prototrophy. Only pGBT-TNFR-lIC/pGAD-TNFR-lIC ac- 
tivated the lacZ reporter gene in SFY526 (Table I) and also 
activated HIS3 in HF7c (data not shown). Thus, only a hybrid 
in which interaction of the GALf4 binding and activation do- 
mains is mediated through aggregation of TNFR-lIC or a posi- 
tive control in which p53 was fused to the GAM binding do- 
main and the SV40 large T cell antigen was fused to the 
transactivation domain activated the /acZ reporter gene in 
SFY526 and HIS3 in HF7c. 

Tb establish that aggregation of TNFR-lIC is specific, the 
ability of other proteins to interact with TNFR-lIC or one an- 
other was tested. The GAM binding domain and the GAM 
transactivation domain were incapable of interaction with 
TNFR-lIC (Table II). The ability of the intracellular domains of 
two other members of the TNF receptor superfamily (15), 
TNFR-2 and the FAS antigen, to interact with TNFR-lIC was 
evaluated. TNFR-2IC was incapable of self-association or in- 
teraction with TNFR-lIC, and experiments with the FAS anti- 
gen also were negative. Finally, two proteins unrelated to 
TNFR-1, lamin and p53, were unable to bind TNFR-lIC. These 
results support the view that aggregation of TNFR-lIC is spe- 
cific. Further support for this conclusion is derived fit)m the 
demonstration that experiments with two different yeast 
strains, SFY526 (Tables I and II) and HF7c (data not shown), 
with different GAM binding sites in the lacZ gene promoter 
region yielded comparable results. 

Results from experiments in which a HeLa S3 cDNA library 
was screened for proteins that interact with TNFR-lIC, con- 
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Tabu: II 

Specificity of interactions in the two-hybrid assay 
Yeast strains were transformed with various combinations of plas- 
mids and then assayed for activation of ^-galactosidase activity as de- 
scribed under "Materials and Methods." 



Protein fused to GAL4 domain 



DNA binding 

pGBT-TNFR-lIC 
pGBT9 

pGBTTNFR-lIC 

pGBT-TNFR-2IC 

pGBT-TNFR-lIC 

pGBT-TNFR-2IC 

pGBT-TNFR-lIC 

pGBT-FAS-IC 

pGBT-lamin 

pGBT-p53 



Activating 



pGAD-TNFR-lIC 

pGAD-TNFR-lIC 

pGAD424 

pGAD-TNFR-2IC 

pGAD-TNFR-2IC 

pGAD-TNFR-lIC 

pGAD-FAS-IC 

pGAD-TNFR-lIC 

pGAD-TNFR-lIC 

pGAD-TNFR-lIC 



^-Galacto8idase 
activity in SFY526 

23.7 ±4.0 
0.5 ±0.1 
0.6 ±0.1 
0.8 ± 0.4 
0.5 ± 0.0 
0.5 ± 0.2 
0.5 ± 0.0 
0.7 ± 0.3 
0.5 ±0.1 
0.7 ± 0.2 



Filter 
color 

Blue 
White 
White 
White 
White 
White 
White 
White 
White 
White 



firm self-association, and provide insight into the amino acid 
sequences in the receptor that mediate such interaction. Plas- 
mids encoding TNFR-lIC fused with the GAL4 DNA binding 
domain (pGBT-TNFR-lIC) and proteins encoded by a HeLa cell 
cDNA library fused to the GAL4 trans-activation domain 
(pGAD GH-HeLa) were co-transformed into HF7c. 500,000 
double transformant colonies were screened and selected for 
histidine prototrophy (Fig, la). 60 colonies were isolated as 
His* transformants. Very few transformants survived the HIS 
selection because most of the proteins in the activation domain 
fusions did not bind to the intracellular domain of TNFR-1. The 
His* transformants were assayed for lacZ expression to elimi- 
nate false positives. This procedure is effective as the his3 and 
lacZ reporter genes in HFVc are under control of dissimilar 
promoters. The library DNAs from 14 double positive colonies 
were isolated and cotransformed with various control plasmids 
to demonstrate specificity of interaction with TNFR-1 IC. All 
double positive clones showed specific interactions as evidenced 
by control experiments, which yielded results similar to those 
in Table II (data not shown). The cloned DNAs were sequenced, 
and one (I-ll) encoded a protein domain in the C terminus of 
TNFR-lIC, which spans amino acids 32^26 (Fig. 16). This 
observation shows that. a small part of TNFR-lIC contains all 
of the recognition elements necessary for association. Further- 
more, the protein encoded by this clone interacted more 
strongly with TNFR-lIC than did the full-length TNFR-lIC as 
evidenced by greater activation of p-galactosidase activity, 321 
Miller units compared to 23.7. To better define the amino acid 
sequences important for aggregation, we constructed mutant 
receptors containing various C-terminal truncations (Fig. 1). 
These were subcloned into pGAD424 and cotransformed into 
SFY526 together with pGBT9-TNFR-lIC, which were assayed 
for interaction with TNFR-lIC based on activation of p-galac- 
tosidase. The inability of amino acids 205-280, 205-359, and 
278-359 to interact with pGBT9-TNFR-lIC shows that se- 
quence information in the first two-thirds of the N-terminal 
part of the intracellular domain is not necessary for aggrega- 
tion. Amino acids 329-426 are the minimal domain thus far 
found to be necessary for aggregation. Further truncation to 
produce a peptide encompassing amino acids 352-426 resulted 
in loss of interaction with TNFR-lIC. 

DISCUSSION 

Tumor necrosis factor was first identified and characterized 
on the basis of its ability to induce the hemorrhagic necrosis 
and regression of tumors in experimental animals and by the 
cytotoxic response that it can elicit in transformed cells (1-3). 
Subsequent studies reinforced interest in TNF with the dem- 
onstration that it has profound effects on the growth, differen- 
tiation, and metabolism of non-transformed cells, is an impor- 



500 000 double trai^onnants screened 
60cokxucs, His+ 

14 colonics. His + and lacZ+ 

I 

1 clone. I-Il, was TNFR-1 IC fragment 



TNFR-lIC 



23.7+3J 
M±Il2 

321 J ±yijt 



Fig. 1. Panel a, screening of a HeLa ceU cDNAhbrary. pGBT9-TNFRn 
lie was used to screen a HeLa S3 cDNA library, which was ckmed into 
pGAD GH as described under "Materials and Methods." Among the 
interacting proteins was one with amino acid sequences present in 
TNFR-lIC. Panel b, interaction of TNFR-lIC with TNFRrllC deletion 
mutants. Deletion mutants in TNFR-lIC were prepared and inserted 
into the GAL4 activation domain piasmid pGAD424. pGBT9-TNFR-lIC 
and each activation domain fusion were co-transformed into SFY526 
yeast, which was assayed for ^-galactosidase activity. Horizontal bars 
represent the amino acid sequence of the complete intracellular domain 
of TNFR-1, the deletion mutant receptors, and the amino add sequence 
identified from the library screen (clone Ml). The abihty of each to 
activate /3-galactosida&e and filter color is indicated to the right of the 
figure. 

tant component of the host response to infection, and promotes 
immunity and metabolic alterations associated with various 
disease states (1-3). The identification and characterization <rf 
TNFR-1 and TNFR-2 and the cloning of cDNAs encoding each 
receptor have provided essential tools through which the proxi- 
mal steps in TNF action may be investigated (8-14). 

Numerous studies, most notably those employing receptor- 
specific antisera, have shown that the functions of TNF are 
segregated among the two receptors (10, 17-21). Activation of 
TNFR-1 elicits cytotoxicity in transformed cells (23, 24). An 
80-amino acid domain near the C termintis of TNFR-lIC plays 
an obligatory role in signaling this response (22). The FAS 
antigen, another member of the TNF/NGF receptor superfam- 
ily that signals programmed cell death, contains a region ¥dth 
homology to the death domain in TNFR-1 (28). The importance 
of apoptosis to the oncolytic activity of cytokines and in devel- 
opmental processes and the identification of a conserved do- 
main essential to this function makes TNFR-1 an important 
model system. 

Ligand-induced clustering of growth factor receptors is a 
mechanism through which receptor intracellular domains may 
interact and transactivate one another by autophosphorylation 
(29). A number of lines of evidence suggest that while TNF 
receptors do not possess intrinsic enzymatic activity, , receptor 
aggregation may be an important component of signal trans- 
duction. First, TNF-a and TNF-p exist primarily as trimers in 
solution and in the crystal, which suggests three receptor bind- 
ing sites (30-32). This is confirmed by the crystal structure of 
the complex between TNF-p and the extracellular domain of 
TNFR-1, in which three receptors are symmetrically bound to 
one TNF-/3 trimer (33), This structure, which is believed to be 
relevant to TNF-a as well as TNF-0, is predicted to bring the 
transmembrane domains into proximity and thereby allow the 
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cytoplasmic domains of the receptors to interact and generate 
the signal necessary for transmission of the TNF message to 
downstream structures. Second, the ability of antisera to the 
extracellular domain of to elicit responses is consistent 

with aggregation ( 10, 17, 18). Third, the observation that mono- 
valent Fab fragments against TNFR-1 do not induce cellular 
responses unless cross-linked with a second antibody suggests 
that aggregation plays a functional role in TNF action (10). 
Consistent with this premise is the dominant negative effect of 
TNFR-1 truncated in the cytoplasmic domain (23, 24). These 
mutated receptors associate with endogenous, full-length re- 
ceptors and presumptively form non-functional complexes in 
which intracellular domains are incapable of interaction or sig- 
nal transmission. 

The two-hybrid system is a method that detects proteins 
capable of interacting with a known protein by transcriptional 
activation of a reporter gene (25, 26). This method has recently 
found wide application, for example, demonstrating interac- 
tions between Bcl-2 and R-Ras p23 (34), Sos 1 and GRB2 (35), 
Ras and Raf (36), and self-association of the retinoblastoma 
protein (37) and also the human immunodeficiency virus type 1 
integrase (38). In the present study, the two-hybrid system was 
used to demonstrate that TNFR-lIC is capable of self-associa- 
tion. This interaction is specific as evidenced by the inability of 
unrelated proteins (lamin, p53, TNFR-2IC) and even proteins 
with sequence homology to TNFR-lIC (the intracellular do- 
main of the FAS antigen) to activate the lacZ reporter gene 
under control of GAL4 transcriptional activation. 

By using the two-hybrid system to screen a HeLa cell cDNA 
library for proteins capable of interaction with TNFR-lIC in 
conjunction with studies employing truncated receptors, we 
obtained further evidence for aggregation of TNFR-1 and 
mapped the amino acid sequences essential for self-association. 
The peptide containing amino acids 329-426 is the smallest 
necessary and sufficient for activation of p-galactosidase activ- 
ity and therefore interaction with TNFR-lIC. Even a modestly 
smaller peptide (amino acids 353-426) was incapable of such 
binding. Peptides composed of amino acids 278-^26 or 204-^26 
interacted less strongly with TNFR-lIC than did the minimal 
aggregation domain of amino acids 329^26. This may suggest 
that the conformation of the these longer peptides masks the 
aggregation domain, thereby diminishing receptor-receptor in- 
teractions. We speculate that TNF binding, which brings re- 
ceptors into close apposition by virtue of its trimeric structure, 
also induces conformational changes permissive of interactions 
among TNFR-lIC aggregation domains, thereby promoting sig- 
nal transmission. 

Previous studies (22) have identified a domain at the C ter- 
minus of TNFR-lIC (amino acids 327-413) that plays an oblig- 
atory role in signaling cytotoxicity Truncation to produce a 
peptide containing amino acids 341—426 abrogated the ability 
of the mutant receptor to induce a cytotoxic response in L-929 
cells. Most striking is the similarity of the TNF receptor cyto- 
toxicity domain with the domain (amino acids 329—426) now 
shown to mediate aggregation. The demonstration that a com- 
mon domain contains elements essential to both aggregation 
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and cytotoxicity suggests a functional relationship between 
these processes. 
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*(. "It NjV. .slin,' -hH'm 'f i ,i\ I X/ ''-I W^*^ 

I II, 111 i \ U \ i V( M VK li/M \ \\ W I \ N\ \< II 

1 !u- J^oi.J.- seqtivruc ->! ^^M .ip;>rMt miiu < MnH,M>k* 1 M HI 
Doi.i H.ink iithi.-i ■\.i..ssh'ii "^.liinho 

C'/'N 1 t,S] L*hlt.tl!.,.MU S l!.|i|sK-I.ts,-, I ,IS 1( (Ult.ltl'liul.tl 

th>:,i.iin . ■! t.ivXro; [ i '\t . *^ 1 f . i lu' ic>.'n "ii li ii.liii hcl w ei'ti k s- 
lUK's ■»o<; H) l!>c I i ;M,.iiMit .iru! \Oiu t. vv.i^ N Iiiik^ J t.' tlu' 

I 1 \(. l,Msp;i,!r h , iiUi.u ml. It .lorn. nil p^*^ H .In- p irwphT 
f.>t l\l p ■*•(< . (Iir t,>r, ;.M (.»( i Nf p^-^ (I IllH ,Kt lilit.il ifo- 

ni.nh it| llu p' ^ |< i \l UtiMiM 1K\.!'1M-- 



Mioiit piesent m l,i^/AI'<)l (( IV'M. .i st r ucUirjlI\ -rci.iU'*.! U'- 
vepU") th.it .il',o M/n lis loi eellAle.itli AKo the lie.nli ilt.ni.iin 
ot I .ts/ \l'0| ^eil .issoiLiles ,HiJ hiiuU to .m .tn.ilo^'oiiN \c- 
\)i)eme ni .j (evihll\ i joneti iMopl.tvinu piolein. MOXJl. 
uhkh .ipjwns to paitiupate in iiuluelioti ol ecil iie.ith In I as/ 
ATO) lirs)i)es injtu in^- ee)) ileath. llie tlealh iIoid.uj) oJ 

p***^ K eontiitnitos lo the nuhitoini ol iiotKAhKiihil INI cl- 
lei Is, )(K hitliiij.' .iMM \ ii.ii sl*He .iiui aela alton 4)J i)k' .»ch1 sphm- 
^'onuehnase 1^ lOj lhu\e\ei. sif-naiin^: ioi stinic I NI elVocls 
involve- fe^'ion^ o) p^i'^ R othei than ils Jealh 4.!oiiiani lor 
ei tinj)!r, ihe INI nuliKCtl aelivalion ol !hc iicutial sphm- 
^'oinu'hna^e invohes a u'^mom lot.itetl ufislreaf)) lo iho death 
Ooinain. .uul the ituluelion ol tntiu tmde s\nl)iase mi\o!\cs 
hitilt ihe (lealh dofnain aiit) a fephdi l<»taletJ Hpslre.tni h^ li 
|h.U»j lle-'klev hein^' inxoUevI in si^'ti.ilm^'. the nu'inhianc prox- 
imal part o( p*i^ (( paili^ijMles m iUc u>'ula(ion ol uptake n( 
the u\epioi 1 1 I I We upoM heie tlie Jomti^.' !»l a piolem that 
hiiuis lo (he mtiatelhita) thnnain ol the j^^^-K (p^*^-!' ( at a 
lepion niisiieain t*> its Jealli Joniain 

2. MuU-riuU und int'thiH)^ 

\ p.nhal i.I)\N ol II (Ills ''2^ JHf.^. \'hKli eiKtule h>t .iiunwt 
.KuK tn^> vuu. s(.\ I 1^' -iMK,!^ ttoneJ h\ ,i t\\o li\ hr id sateen j Pj t>l j 
(p,il4 -KinatuMi (Idiii.tin i.i^>H il IhIa cll vHNA |ihf.|[\ ((. lonltxii. 

\l(o.( \ l SAi. .i^ pkmousIn Wosoih^ d {"t l Ik- test ol the n 
V I )N A (lit- I ^.''4. \v hii, h eiu otic tot ainiiu > .k uK 1 "*US i u .is lIoik\I h\ 
|*( K 1 1 nM) a I HI in, HI t(.i,il li \ er PN A hhi ,ii \ 1 iu- ihil Kotule SLijuenee 
ol ^'^^ I t vvas itcleintuKil in hoih Jnetlions h\ itu- JiiWi>>\ Lliam Uiim- 
natiiMi MKlli\>)l 

J / fun h\/'fi,l \S I'.ilit, t< 1^1,1(1 u ( \/'fi \ >■!,>(: (i v;\ 

^mLm (Nr e\pu■^s)(>^ ifvfs \^vtc pef)<»;n)eJ pu'vfoush iJe- 
S1.11U1I (S} r\i.\pl ill.tl in part nt tik ksK \Uc p\ l'Ui ve^lot, whkh 
i.tMa,uris lik' .ilIiv.uiom itiiiiKMii ol \ I'l^v \^as uM'd misIimJ pI p( pAI> 
( » 1 1 . 1 liL- ( 1,1 14 ai n V ,ii hMi it< >in,uii \ ». ti w \ in 11 In n 11 1.' i»l leMilues m I he 
po'leiiis (.iKosUd h\ tht' i.I>N \ Mis; lis aie as tn ttk" Swiss l*ioi ilala 
li.Ulk I >i-((. Ken MIlit.llKs Ut'ie (MoJlkrd 'n IN K .uul pt'lllt iiuit.aits tn 
('lij'clUk k olitii' thii vird innl.if't iksis |1 Ij 

i \itt n'l, tn iiUii!\ w> 

I Ola! KN\ uas i^(.l,itcJ u^in^' IKI pi \<aM (Mok'culai Rcseareh 
( iNka, hk . < iikiiifMii t>II| tltii.tluu\l 111 lot Mi.tldetn iliMot ni.iinKk- 
hidh'i . t'ln 1 riiptiiMt srd t hi l>t|^•h .in .i('<io 'si. M< 'I in,t!jL h\ tie ^'el. .itui Mot- 
It tt 'o J ( n 1)1 St I ■ t !) Diis nu nthj .thf ( ) )n|u \S tlnuM^'fiin, DI , I SA) 
Ml h* • SSri hntln. iimm^- 'a.itul.tui k JiniijiieN I Ik' litols uete hshiid- 
i/, .l \Mili ihc *.1>\ \ .'1 ss II oas 'j;*' .' Nf. >), i.ulu.l.iKIrd with ilk- 
t,in-l<Mii pnnk' kii t H.ulifankr \hihiihi.'im Jk ivm*. .1 , M.innlu'ini. 
CiLiMMiui .iikl n.islKti ^^'il(^'vn^l\ Auioi.ulti'L'r.ipIn w.i', (KrtoinictI 

; 4 I ./V, ..,nn ,>< ^ - 1 1 , n\ \ in //. / ,j //v <inJ f'ln./itu: of .V^ // 
l't,-i, in h> v!.i!,iihi <tu S I'iiii- f, »./v< ;ti'.ii>n i^ii'ii IU'. ,>/ /'^s./^- ' 
i ,liit illn,.iu- S h.nisU-i.ivf \(,SH h(M,.iiv utih 1( (( .S | K ' ) 

.in.f w 111) h (uitii .ik d hflt'v\ .trnit;. > .K )t( U*» (< rS I p^i^U *4^) ueie 

po'vlund .(hvl uh.Mtk't! |,> )'! Ill jUii.Mk .k'HM-vt IhmJs ,is pK-\iinisl\ 
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SiiKC !lK- vl.Mili .htm.itii . .1 p^'> ii Il-ikIs I»» scll-jssoo.iu- I'Jj. 
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A cytotoxic CD40/p55 tumor necrosis factor 
receptor hybrid detects CD40 ligand on 
herpesvirus saimiri-transformed T cells* 

The B cell activation molecule CD4() and the p55 tumor necrosis factor receptor 
{p^5 TNFR) belong to the same tamily ot structurally conserved proteins. We 
constructed a chimeric receptor consisting of the CD4() extracellular and 
transmembrane domains and the p55TNFR intracellular domain. This receptor 
hybrid retained the biological activity and the ligand specificity of the respective 
wild-type receptor domains. Thus it exerted a marked cytotoxic effect in three 
different transfected ceil lines after activation not only with anti-CD4() antibody 
but also with C^D4() ligand (CD4()L) in soluble and membrane-bound forms. 
Using hybrid-transfectcd baby hamster kidney ceils we demonstrated that 
herpesvirus saimiri-transformed human CD4^ T lymphocytes constitutively 
express bioactive C D4() ligand on their surface. The hybrid receptor-based assay 
was highly specific for CD4() activating reagents and more sensitive than an assay 
measuring CD40-mediated B cell rescue from apoptosis. Hence CD40/p55TNFR 
transfectants may be useful for dissecting CD40L-mediated events in T-B cell 
interactions, and also to detect a defective CD4()L molecule in putative 
hyper- IgM syndrome patients. 



1 Introduction 

Specific T-B lymphocyte interaction is critical for a coordi- 
nated humoral immune response. Key players in this 
interaction arc two recent Iv identified molecules. CD4() 
and its ligand. The CD4() ligand (CD4()L), a 33-kDa type 11 
transmembrane glycoprotein [1-3] is predominantly ex- 
pressed on activated CD4^ T lymphocytes [4-7| but can 
also be found on basophil and mast cell lines [8]. Naturally 
occurring mutations in the CD4()L gene and gene targeting 
experiments demonstrate the central role of the CD4()L- 
CD4() interaction in B cell immunity. Patients carrying 
C'D40L mutations suffer from an immunodeficiency known 
as hyper-IgM syndrome. Because of a nonfunctional 
C D40L these patients fail to develop germinal centers in 
lymphatic tissues and isotype switching in their B lympho- 
cytes is severely impaired |^>-13]. 
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In vitro studies demonstrate that CD4() activation via its 
ligand or mimetic Ab influences other important B cell 
functions besides isotype switching [14-17]. Thus CD40 
co-stimulates short-term proliferation [16, 18-20] and 
long-term proliferation [21, 22] and enhances B cell survi- 
val. The anti-apoptotic activity of CD4() was shown in 
germinal center B cells [23] and in a subgroup of Burkitt 
lymphoma cell lines [24, 25]. The expression pattern of 
CD4(). however, indicates that the biological role of this 
receptor is not restricted to B cell immunity. The 50-kDa 
molecule is also expressed on dendritic cells [26], thymic 
epithelium [27[, monocytes [28[, T lymphocytes [29,30], 
basal epithelium [31 1 and on some carcinomas [31-34]. 

Both CD4() and its ligand belong to receptor and ligand 
gene families which include as prototypes the p55 TNF 
receptor (p55TNFR) and its ligandsTNFor lymphotoxin-a 
(LT-(x) [35. 36]. In contrast to the anti-apoptotic activity of 
the CD4() molecule, a major function of the p55TNFR is 
the induction of cell death. This is surprising in view of the 
structural homologies in the extracellular domains and in 
the signal transducing cytoplasmic regions of both receptors 
[34. 37-4()| which might in fact indicate a close functional 
relationship. 

Here we report that the similarities between CD40 and the 
p55TNFR are sufficient to allow the construction of a 
biologically active receptor hybrid. The chimeric receptor 
transfected into three different cell lines induces cell death 
upon activation with natural or recombinant CD4()L and 
mimetic anti-C D40 Ab. These transfectants are by far more 
sensitive for detection of CD40 activating reagents than a 
conventional B cell assay. Using CD40/p55TNFR hybrid 
transfectants were demonstrate that herpesvirus saimiri (H. 
saimiri) transformed human CD4+ T lymphocytes consti- 
tutively express functional CD4()L on their surface. 
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2 Materials and methods 
2.1 Cells 

The murine L cell derivative A9 |411, the B cell lines IM-*^ 
(ATCCCCL159) and BL41 (kindly provided by Dr. 
G Bornkamm) (42] and the histiocytic lymphoma cell line 
(ATCC CRL 1593) were grown in RPMI; the SV4()- 
iransformed human fibroblast ceils SV8() [431 w^*"^ cultured 
in Dutbecco's modified Eagle's medium, baby hamster 
kidney (BHK) cells (DSM ACC 61) in MEM (Eagle) with 
Barle's salts plus nonessential amino acids (Biochrom, 
Berlin, Germany), Chinese hamster ovary (CHO dhfr ) 
cells (ATCC CRL 9096) in a medium (Biochrom). For the 
H. saimiri-transformed cell lines CB15 [44] and Resting 
[45], which were generously provided by Drs. Fickenscher 
and Fleckenstein, a mixture of 45 % CG-medium (Vitrom- 
ex,Vilshofen, Germany), 45 % RPMI and 4i) U/ml proleu- 
kin (Eurocetus GmbH, Frankfurt, Germany) was used 
[46]. All media were supplemented with 10% heat- 
inactivated FCS, 1(X) U/ml penicillin, 0. 1 mg/ml streptomy- 
cin, 1 mM sodium pyruvate and 2 mM L-alanyl-L-glutamine. 
All supplements and culture media except CG- and a 
medium were purchased from Gibco BRL (Eggenstein, 
Germany). 



2.2 CD40/p55TNFR hybrid receptor construction and 
transfection 

Total RNA was isolated from IM-9 and U-937 cells [47] and 
transcribed into cDN A using superscript reverse transcrip- 
tase (Gibco BRL). The complete CD4() cDNA was then 
PCR-amplified from the IM-9 cDNA using the 5' primer 
AATCTAGATGCCGCCTGGTCTCACCTCG and the 
3' primer AAAAGCTTGCCAACTGCC^GTTTGCCC- 
ACG, containing a 5' Xbal or a 3' Hindlll restriction site, 
respectively. The PCR product was subcloned into pBlue- 
script SK n( + )(Stratagene, La Jolia, CA) and designated 
BS-CD40. The cDNA coding for the TNFR intracellular 
domain (ICD) was amplified from U-937 cDNA using the 
y primer AATGGCCAAGCTCTACTCCATTGTTTGT 
and the 3' primer TTGCTAGCGCTCGAGCTCTAGAG- 
CCTCATCTGAGAAGACTGG, containing additional 
Xhal and Xhol site at the 3' end and was subcloned into 
pBluescript SK II( + ) between EcoRV and Xhol (desig- 
nated BS-TNFR-ICD).The sequence of all PCR products 
was confirmed by sequencing of both DNA strands. 

To construct the CD40/TNFR hybrid cDNA, BS-CD40 was 
cut with Ball and Xhol and the cDNA coding for the CD40 
ICD was replaced by theTNFR ICD fragment cut with Ball 
and XhoL The cDNA encoding the CD4()yTNFR hybrid 
receptor was then ligated into the mammalian expression 
vector pEF-BOS [48] within Xbal sites, designated 
BOS-CT. 

For transfection by lipofection (Lipofectin, Gibco BRL), 
50% confluent A9, SV80 and BHK cells grown in 9.4-cm 
pctri dishes (Greiner, Niirtingen, Germany) were co- 
transfected with 25 ^ig of ApaLI-digested BOS-CT and 
2.5 [ig of Hindlll-digested pTCF plasmid [49] carrying a 
neomycin-resistance gene. Neomycin-resistant clones were 
selected in appropriate concentrations of G418 (Gibco 
BRL), 0.6 mg/ml for A9, 0.8 mg/ml for SV8() and 2 mg/ml 
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for BHK cells. Expanded clones were immunostained using 
5 ng/ml anti CD40 m Ab ( Laboserv) or anti CD4 m Ab as an 
isotype- matched control and FITC-conjugated goat anti- 
mouse F(ab')2 as secondary antibody. Hybrid receptor 
expression was then assessed by flow cytometry (FCM) 
(FACScan, Becton Dickinson). 

23 Expression of CD40L in BHK cells 

Human CD40L cDNA [2] was isolated by PCR from a 
Con A stimulated PBL cDNA library (Dr. Bemhard 
Knapp, Behringwerke) with the 5 ' primer TGCCACCri- 
CTCGAGCAGAAGATACCATTTCAACTTTAAC and 
the 3 -primer GTCAGCTCCACCACCGGCCGCAAGG- 
TGACACTGTTCAGAG. The resulting 665-bp fragment 
was ligated into the mammalian expression vector CDM8 
[50] within Xhol and EagI restriction sites to result in 
CDM8-CD40L. BHK cells were cotransfected by Ca/P04 
coprecipitation with CDM8-CD40L and the DHFR and 
neomycin selection vectors pSV4dhfr and pRMH140 
according to Zettlmeisl et al. [51]. Colonies resistant to 
200 nM methotrexate and 400 \iglm\ G 418 were selected. 
A clone showing strong membrane fluorescence after 
staining with a CD40/Ig fusion protein (L. Lauffer, unpub- 
lished) and FITC-labeled goat anti-human Ig antiserum, 
designated BHIQ o4()l. was used for further experiments. 

2.4 Production of a IL-4R/CD40L fusion protein 

The cDNA encoding the extracellular region of CD40L 
(CD40L ECD) was PCR-amplified from CDM8-CD40L 
with the 5'-primer CGAAGCTTGGATCCGAGAAGGT- 
TGGACA AGATAGA AGATand the 3'-primer CGCTCT- 
AGATGTTCAGAGTTTGAGTA AGCC To generate the 
fusion protein we used a CD4/Ig fusion plasmid described 
earlier [52], replaced the CD4 sequence with the cDNA 
encoding the naturally occurring soluble form of the murine 
IL-4R [53] and exchanged the sequence encoding the Ig 
portion with the CD40L ECD PCR fragment. The resulting 
plasmid pmuIL-4R/CD40L encoded a fusion protein con- 
sisting of the soluble form of murine IL-4R including Leu^ 
[53] followed by primer-encoded aspartic acid and proline 
residues and the CD4()L ECD from Arg^ [2] to the CD40L 
stop codon . Stably transfected BHK cells were generated as 
described above and expression levels of isolated clones 
were assessed using an IL-4R-specific ELISA with two 
murine mAb (R. Kurrle, unpublished), A clone expressing 
approximately 1-3 ^ig/ml of IL-4R/CD40L was chosen for 
production in roller bottles. Protein was purified from 
conditioned medium by immunoaffinity chromatography 
on an anti-murine IL-4R mAb column. 



2.5 Cytokines 

Recombinant human TNF and LT-a were a generous gift 
from Dr. G. Adolf (Bender and Co, GmbH, Wien, Aus- 
tria). 



2.6 Antibodies 

Anti-CD40 rabbit antiserum was raised against a CD40 
ECD fusion protein (CD40-ECD-His). In order to facili- 
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tale the purification of this protein, a DN A adapter 5'-CA- 
rCATCATCATCATTGATGAA-3' plus 5 -AGCTTTCA- 
TCAATGATGATGATGATGGGCT-3' encoding five his- 
tidines was ligated 3' of the Banll restriction site into the 
cDN A coding for the CD40 ECD. The resulting cDNA was 
then inserted into a derivative of the DHFR-expression 
vector pMT2PC 154] kindly provided by Dr. P Kufer 
(Institute for Immunology, Munich, Germany). DHFR- 
deficient CHO cells were transfected by electroporation 
(26() V, 960 nF), selected in nucleoside-free a medium plus 
supplements and the expression was amplified by adding up 
to 500 nM methotrexate (Sigma). Soluble CD40-ECD-His 
was purified from the cell supernatant using Ni-NTA 
Agarose (Diagen, Hilden) and reverse-phase HPLC. Two 
further antisera were raised against the soluble IL- 
4R/CD40L fusion protein or soluble CD 14, respectively 
(Philip Bufler et al., manuscript in preparation). All anti- 
sera were obtained by a four-step immunization procedure 
with 30 fig/ml protein in PBS mixed with Freund's adjuvant 
at a ratio of 1 : 2. The anti-CD40 mAb BB20 was purchased 
from Laboserv (Giessen, Germany). The control anti-CD4 
(MT413) and anti-CD14 (MEM 18) mAb were gifts from 
Dr. E. P Rieber (Institute for Immunology, Munich, Ger- 
many) and Dr. V Hofejsi (Institute of Molecular Genetics, 
Prague, Czech Republic), respectively. 



2.7 Cytotoxicity assay 

Target cells were seeded in flat-bottom microliter plates 
(Greiner) at a density of 4 x 10* cells/well, grown for 24 h 
and then challenged with serial dilutions of the stimulation 
reagents in the presence of 50 [ig/ml CHX (Sigma). After 
16-18 h, cell viability was assessed by neutral red uptake 
(Sigma) according to Finter [55]. The effector cells 
BHKcD40L or BHKwi were detached with 5 mM EDTA in 
PBS, fixed with 3 % paraformaldehyde in PBS for 10 min 
and washed six times, before they were added to the target 
cells. This procedure prevented the attachment of the 
effector cells to the microliter plates and the interference 
with the determination of the target cell viability. CB15 
cells as effector cells were added natively as they are 
nonadherent T cells and could be removed from the targets 
by extensive washing. 



2.8 B cell rescue assay 

BL41 cells (1 X 10^/well) were seeded in U-shaped micro- 
titer plates (Greiner). lonomycin (2 \ig/m\; Sigma) and 
serial dilutions of the CD40 activating reagents were added 
simultaneously. BHK cells used as stimulators were fixed in 
the same manner as for the cytotoxicity assay. After 30 h 
incubation time the BL41 cells were stained with neutral 
red as described above. 



3 Results 

3.1 Hybrid receptor construction and trattsfectioH m A9» 

SV80, and BHK ceUs 

In view of their different biological functions the structural 
conservation in CD40 and the p55TNFR is surprising. Such 
conserved structures may merely represent evolutionary 
relicts from a common ancestral molecule. Alternatively 
they may support a particular mode of receptor activation 
common to both receptors. In order to test the latter 
hypothesis, we constructed a chimeric receptor consisting of 
the ECD and TMD domains of CD40 and the intracelhilar 
domain of the p55TNFR (Fig. lA). The hybrid receptor 
was expressed in the human SV80 and the mouse A9 
fibroblast cell lines which are both highly sensitive for the 
cytotoxic effect of TNR In addition we transfected the 
receptor chimera into BHK cells which are resistant to 
cytolysis by TNF but can be rendered sensitive by overex- 
pression of the human p55TNFR [56]. 

Hybrid receptor expressing clones were obtained from all 
three cell lines and designated A9cr. SVSOcr and BHKcr 
(Fig. IB). Expression in the transfectants was approxi- 
mately ten times above background. No changes in the 
responsiveness to TNF or LT-a were observed due to the 
transfection (Fig. 2). A9crandSV80crwere sensitive to the 
cytotoxic effect of both cytokines whereas the BHKcrcells 
remained as resistant as the corresponding wild-type cells 
(Fig. 2). Even cell-specific differences in the responsiveness 
to TNF and LT-a observed for S V80 wild- type cells could be 
shown in the hybrid-expressing clones and in neomycin- 
resistant control cells. These two SV80 clones responded 
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Figure 1. (A) Schematic presentation of CD40, 
the p55TNFR and the CD40/p55TNFR hybrid 
receptor. CD40 domains are shown in dark grey, 
those taken from the p55TNFR in white. 
Hatched parts indicate a homologous region of 53 
aa present in the cytoplasmic domains of both 
wild-type receptors. (B) Expression of the hybrid 
receptor in mouse A9 fibroblasts, human SV80 
fibroblasts and BHK cells. Wild-type cells, mock 
or hybrid receptor (CT) clones of the indicated 
cell types were immunostained using anti-CD40 

mAb (BB20) ( ) or anti-CIM mAb (MT413) 

( — ) as an isotype matched control and FTTC- 
conjugated goat anti-mouse F(ab')2Ab. Stained 
cells were analyzed by FCM. 
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F/gwre 2. Sensitivity of hybrid receptor (CT)- 
expressing cells to TNF and LT-a. Wild-type 
cells, mock and CT clones of the human SV80 
fibroblast (A), the mouse A9 fibroblast (•) and 
the BHK (■) cell Hnes were treated with TNF or 
LT-a at the indicated concentrations in the 
presence of CHX (50 ng/ml). After 16 to 18 h 
incubation time viability was determined by the 
neutral red uptake method as described in 
Sect. 2.7 and is expressed as the percentage of 
control cells incubated with CHX alone. 



better to TNF than to LT-a, reconfirming that transfection 
did not alter the responsiveness of the cells towards signals 
transduced by the p55TNFR. 

3.2 The CD40/TNFR hybrid mediates cytotoxicity when 
activated by antl-CD40 Ab 

In order to test the functional competence of the 
CD40/TNFR chimera we treated the transfectants with 
various anti-CD40 antibodies in the presence of CHX. As 
shown in Fig. 3 A and B, all anti-CD40 Ab exerted cytotoxic 
activity on the hybrid transfectants (right panels in Fig. 3A 
and B, filled symbols) and were non-cytotoxic on the 
wild-type cells (not shown) and the mock clones (left panels 
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Figure 3. Anti-CD40 Ab are cytotoxic on hybrid receptor (CT)- 
expressing clones. (A) Mock and CT clones of the human SV80 
fibroblast (A, A), the mouse A9 fibroblast ( , O) and the BHK 
(■, □) ceil lines were treated with rabbit anti-CD40 (A, , ■) or 
rabbit anti-CD14 pAb (A, O, □) as a control in the presence of 
CHX (50 ng/ml). Cell viability was determined 16 to 18 h later by 
neutral red staining. (B) Anti-CD40 (BB20) (A, ■) or anti- 
CD14 mAb (MEM18) (A, O, □) were assayed under the same 
conditions as described in (A). 



in Fig. 3 A and B). Killing was dose dependent with a 
half-maximal effect at serum dilutions of 1:30000 (A9cr 
and BHKcr) and 1 : 150000 (SV80cr) for the rabbit antise- 
rum and at Ig concentrations of 1-3 ng/ml for the mAb 
BB20. Similar results were obtained with five other mAb 
directed against three different epitopes of CD40 
(R, Schwabe etal., manuscript in preparation). Control 
antibodies (rabbit anti-CD14 Ab or an anti-CD14 mAb) 
were not cytotoxic on any of the cells (right panels in 
Fig. 3 A and B, open symbols). 

3.3 CD40L, the natural ligand of CD40, triggers the 
chimeric receptor 

We next asked whether the hybrid receptor could be 
stimulated by its natural ligand, CD40L. First we tested the 
activity of the soluble IL-4R/CD40L fusion protein. Like 
anti-CD40 Ab, the soluble CD40L construct efficiently 
killed all three hybrid expressing clones (Fig. 4, right 
panel). The cytotoxicity was concentration dependent and 
reached half-maximal levels at concentrations of 20 ng/ml 
on A9cr, 5 ng/ml on SV80cr and 100 ng/ml on BHKcr, 
respectively No cytotoxic activity was detectable on the 
corresponding wild type (not shown) or the neomycin- 
resistant control cells (Fig. 4, left panel). As the CD40L 
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Figure 4. Soluble CD40L activates the CD40/TNFR hybrid recep- 
tor (CT). Mock and CT clones of the human SV80 fibroblast (A), 
the mouse A9 fibroblast ( ) and the BHK (■) cell lines were 
treated with a soluble fusion protein consisting of the human 
CD40L and the murine IL-4R ECD in the presence of CHX 
(50 ng/ml). After an incubation time of 16 to 18 h the cell viabiHty 
was determined by the neutral red uptake method. 
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predominantly exists in a membrane-bound form, it was 
interesting to examine whether this form eould also activate 
the chimera. Therefore we tested BHK transfectants 
expressing CD4()L on their cell surface (BHK< o-m>i.) (Fig- 
left panel) for their cytotoxic activity on A9ct target cells. 
As shown in Fig. 5 (right panel), BHK<:i)4()l transfectants 
efficiently killed A^c^i targets in a concentration-dependent 
manner. A killer to target ratio of 1:10 was sufficient to 
obtain 50 % killing. These results demonstrated that the cell 
surface form of CD40L also triggers the hybrid receptor. No 
cytotoxic effect was observed when A9^,y^^ cells were used 
as targets (Fig. 5, right panel, open symbols). 




Figure 5. CD40L-expressing cells are cytotoxic on hybrid receptor 
expressing target cells. BHK< d4<)L cells were immunostained with 

rabbit anti-CD40L ( ) or rabbit anti-CD 14 Ab as a control ( ) 

and FITC-conjugated goat anti rabbit F(ab')2Ab- Stained cells 
were analyzed by FCM (left panel). The bioactivity of the 
BHK<:d4<h transfectants was tested on A9cr targets. For this 
purpose the BHKcd4I)i cells were fixed with 3% formaldehyde. 
After rigid washing they were added to the A9ct (•) or A9mtK.k 
cells (O) at the indicated killer : target ratios together with CHX 
(50 [ig/m\). Viability of the target ceils was determined 16 to 18 h 
later by the neutral red uptake method. 



3.4 CD40/TNFR hybrid activating reagents are less 
potent in a B cell assay measuring CD40-mefliated 
rescue from apoptosis 

For all hybrid-stimulating reagents CD40 activity was 
determined as the ability to rescue BL41 Burkitt lymphoma 
cells from ionomycin-induced apoptosis. On BL41 cells 
CD40 was expressed at a similar level as the chimera on the 
transfectants (Fig. 6, left panel and Fig. IB right panels). 
Surprisingly, only rabbit anti-CD40 Ab and BHKcd40L cells 
increased the B cell viability, albeit at concentrations that 
were 16-fold higher than those required for hybrid recep- 
tor-mediated killing of A9 cells (Fig. 6, right panel). The 
best rescue from ionomycin-induced cell death was 
obtained with BHKcd4ol cells. Monoclonal anti-CD40 Ab 
and the soluble IL-4R/CD40L construct were only margi- 
nally active (Fig. 6, right panel), even when tested at 
250-fold higher concentrations than those needed to obtain 
half-maximal killing on A9crcells (data not shown).These 
data demonstrate that this assay applying the principle of 
CD40/p55TNFR-mediated cytotoxicity detects CD40-acti- 
vating reagents with much higher sensitivity than a conven- 
tional CD40 assay in B cells. 



3.5 Herpesvirus salmiri-transformed T ceUs constitudvely 
express active CD40L and kill hybrid-expressing 
transfectants 

Exploiting their superior sensitivity, we used the hybrid 
transfectants to assay cells naturally expressing CD40L for 
bioactivity. In screening various human T cell lines we 
found that two H. saimiri-transformed CD4+ cell lines, 
Kesting and CB15, constitutively express CD40L at high 
levels (Fig. 7, left panels). Indeed, CB15 T cells tested on 
A9cT target cells displayed a marked cytotoxic effect. 
However, CB 15 also killed A9mock targets although fivefold 
less effectively (data not shown). This result is expected 
since CB15 cells show the typical phenotype of mature 
activated T lymphocytes and may produce cytotoxic cyto- 
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Vigure 6. Polyclonal anti-CD40 Ab and cell surface CD40L rescue 
BL41 B cells from ionomycin-induced apoptosis. To determine 
CD40 expression (left panel) the BL41 B cells were incubated with 

anti-CD40 (BB20) ( ) or anti-CD4 mAb ( ) as a control, then 

stained with FITC-conjugated goat anti-mouse F(ab')2Ab and 
analyzed by FCM. The ability of anti-CD40 Ab, the soluble CD40L 
construct, BHKcd4(h and BHK^„ck transfectants to rescue BL41 
cells from ionomycin-induced cell death was assayed as described 
in Sect. 2.8. All reagents or cells were used at concentrations 
16-fold higher than those required for 50% cytotoxicity on A9(t 
targets. 
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Figure 7. H. saimiri-transformed CD4+ T cells express bioactive 
CD4()L. CD40L expression on cells of the H. saimiri-transformed 
T cell lines Kesting and CB15 was analyzed by FCM (left panels) 

after immunostaining with rabbit anti-CD40L ( ) or rabbit 

anti-CDH pAb ( ) and FITC-conjugated goat anti-rabbit 

F(ab')2 Ab.To assay the bioactivity of cell surface CD40L the CB15 
cells were added to BHKcr (•) or BHK^ock cells (O) at the 
indicated killer : target ratios together with CHX (50 ng/ml). After 
16 to 18 h, the cells were carefully rinsed with medium to remove 
all CB15 cells and the viability of the remaining BHK cells was 
determined by neutral red staining. 
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kines such as TNF and LT-a/rhc TNF- and LT-u-rcsistant 
BHK< r proved to be more appropriate target cells tor the 
isolated detection of CD4()L activity onT cells. CB15 cells 
killed BHK<'r targets with half-maximal effect at a K:T 
ratio of 1 :2 (Fig. 7, right panel, filled symbol). In contrast 
to the A9,,>,-, cells, BHKn,,,,, targets showed no significant 
response to CB15 even at K :T rations of 10 : 1 (Fig. 7, right 
panel, open symbol). This is the first evidence that 
H. saimiri-transformed T cells may constitutively express 
bioactive CD40L. 



4 Discussion 

In this study we examined the functional properties of a 
chimeric receptor composed of CD4() and the p55TNFR. 
As CD40 and the p55TNFR belong to the same family of 
proteins [35, 36] we investigated whether their structural 
relationship also implicates similar activation mechanisms. 
Based on this hypothesis it should be possible to construct a 
hybrid receptor whose ligand specificity depends on the 
respective ECD, whereas the cytoplasmic domain should 
determine its biological activity. 

Here we demonstrate that the CD4()/p55TNFR chimera is 
functionally active. Consistent with the natural function of 
its cytoplasmic domain the chimera displays strong cyto- 
toxic activity in different cell lines that are susceptible to 
p55TNFR-mediated cell death (SV8(), A9) or like the BHK 
cells may be rendered sensitive upon transfection with the 
human p55TNFR [56]. Our data show that large parts of the 
TNFR including the whole ECD and TMD can be 
exchanged with CD40 sequences without the loss of 
cytotoxic function. This underlines not only the close 
structural relationship between CD40 and the p55TNFR 
but also indicates that the TNFR ECD and TMD are not 
essential for its cytotoxic activity. 

Interestingly, the ligands of both receptors. CD4()L and 
TNF or LT-a are also members of the same gene family 
[35, 36]. They show common structural features: (i)CD4()L 
andTNFare type H transmembrane proteins [1, 2, 57]. (ii) 
A trimeric structure with was demonstrated for TNF and 
LT-a [58-62] was also postulated for the CD40L [2, 9, 63]. 
Ligand-mediated trimerization was proposed to be the 
crucial activation mechanism common to all members of 
the TNFR family [35, 36, 62|. Thus a functional hybrid 
receptor should be triggerable by the natural ligand binding 
to the corresponding ECD. 

Indeed, our data demonstrate that the CD4()/TNFR hybrid 
not only delivered a strong cytotoxic signal after cross- 
linking with polyclonal anti-CD4() Ab, but also with 
CD4()L Both a recombinant soluble CD4()L fusion protein 
and the membrane-bound form of CD4()L were active. 
These results suggest that TNF and CD4()L activate their 
receptors via the same mechanism, which seems to be 
aggregation. Since two commercial and four prepared 
monoclonal anti-CD4() Ab were able to efficiently elicit the 
cytotoxic response, it appears that dimerization of the 
CD4()ArNFR hybrid is sufficient to trigger TNFR ICD- 
dependent signals. 

In contrast CD40 wild-type activation seemed to require a 
higher aggregation level. In an assay measuring CD4()- 
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mediated B cell rescue from apoptosis, rescue ability 
correlated with the aggregation capacity of the CD4()- 
stimulating reagents: CD4()L-bearing cells were the most 
potent; polyclonal anti-CD40 Ab displayed an interme- 
diate, soluble CD40L or the mAb, however, only margmal, 
activity. There are two explanations for this phenomenon: 
(i) Bcell rescue might work according to the threshold 
principle , thus a minimal signal strength would be necessary 
to overcome a certain threshold required for survival, (ii) 
Alternatively, the amplification systems mediating TNFR 
responses may be more effective than those dehvenng 
CD40 signals. Both mechanisms could explain why the 
chimera detects CD40-stimulating reagents at higher sensi- 
tivity than CD4(). Generalizing from this result, the pnnci- 
ple of fusing the extracellular domain of non-cytotoxic 
members of the TNFR family to a cell death-mediating 
ICD, e.g. the ICD of the TNFR [64] or fas [65, 66], might be 
a useful and highly sensitive approach for detecting other 
non-cytotoxic ligands belonging to the TNF ligand family. 

As an application of this principle we used the CD40/TNFR 
hybrid to study natural CD40L activity on human T cells. 
Interestingly, we found that the H. saimiri-transformed 
CD4+ T cell lines CB15 [44] and Resting [45] constitutively 
express CD40L on their surface. Keeping in mind that 
other cytotoxic factors produced by T cells, such as TNF or 
LT-a [67, 68], might interfere with our cytotoxiaty assay, 
the T cells were tested on BHK transfectants which are 
highly resistant to human TNF effects. Indeed CB15 cells 
elicited a strong cytotoxic response on the hybrid receptor 
but not on mock-transfected BHK cells, revealing the 
constitutive biological activity of CD40L on H. saimin 
virus-transformed CD4^ T cells. 

Traditional CD40 assays, such as the measurement of B cell 
proliferation [16, 18-20], isotype switching [14-17] or 
B cell rescue from apoptosis [23- 25] either depend on 
co-stimulatory signals or lack appropriate sensitivity. Otjr 
results demonstrate that the CD40/TNFR hybrid not only 
detects CD4()-stimulating reagents with high sensitivity^ut 
also with the required specificity. As shown with the CB15 
cells, the hybrid-based assay system allows the isolated 
detection of CD4()L even in the presence of other potent 
cytokines. Therefore, this system will be useful for the 
dissection of CD40L-mediated events in T-B cell interac- 
tions and for the detection of defective CD40L molecules in 
putative hyper-IgM syndrome patients. 
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The yeaat-baaed two hybrid has been uaed to identify 
a novel protein that binds to the intracellular domain of 
the type t receptor for tumor necrosis factor (TNFR- 
IIC). The TNF receptor-associated protein, TRAP-1, 
shows strong homology to members of the 90-kDa family 
of heat shock proteins. After in vitro transcription/ 
translation and **S labeling, TRAP-1 was precipiUted 
using a ftision protein consisting of glutathione S-trans- 
ferase and TNFR-lIC, showing that the two proteins 
direcUy interact. The ability of deletion mutants of 
TNFR-l to interact with TRAP-1 was tested using the 
two hybrid system. This showed that the amino acid 
sequences that mediate binding are dilfkisely distrib- 
uted outside of the domain in the C terminus of TNFR- 
lIC that signals cytotoxicity. The 2.4-kUobase TRAP-1 
mRNA was variably expressed in skeletal muscle, liver, 
heart, brain, kidney, pancreas, lung, and placenta. 
TRAP-1 mRNA was also detected in each of eight differ- 
ent transformed cell lines. Identification of TRAP-1 may 
be an important step toward defining how TNFR-1, 
which does not contain protein tyrosine kinase activity, 
transmits its message to signal transduction pathways. 



Tumor necroaia factor (T^^F)* ia produced predominantly by 
macrophages activated by infections or malignancies (1-3). 
This potent multifunctional cytokine was first characterized by 
ita ability to induce the hemorrhagic necrosis and regression of 
cancers in animals and by the cytotoxic response that it can 
elicit from transformed cells in vitro. Subsequent atudiea have 
ahown that through interactions with virtually every type of 
cell, TNF also promotes immunity, antiviral responses, inflam- 
mation, shock, and metabolic alterations, including cachexia, 
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which accompany diaeaae states (1-3). Such diverse and pro- 
foundly important functions have made TNF the subject of 
intense investigation. 

The first step in TNF action ia binding to specific receptors 
that are expressed on essentially all cells (4-7). Two TNF 
receptors have been identified aa proteina of 55-kDa (the type 1 
receptor, TNFR-l) and 75-kDa (the type 2 receptor, TNFR-2) 
(8-11), and their cDNAs have been cloned (12-14). The extra- 
celltilar domaina of the TNF receptora ahare homologiea with 
one another and with a group of cell aurface receptors that 
include the FAS antigen, the low affinity NGF receptor, the 
murine cDNA clone 4 -IBB from induced helper and cytolytic T 
cella, the B cell aurface antigen CD40, the 0X40 antigen of 
activated CI>4-poaitive rat lymphocytes, and the T2 antigen of 
the Shope fibroma virus (15). The intracellular domaina do not 
diaplay aequence aimilaritiea and couple to different aignal 
transduction pathwaya. For this reason, the receptora induce 
distinct responses: TNFR-1 promotes cytotoxicity, fibroblast 
proliferation, antiviral reaponaes, and the host defense against 
microorganisms and pathogens (10, 16-19); TNFR-2 plays a 
role in cytotoxicity that is still being defined (20-22), inhibits 
early hematopoieaia (23), is involved in the proliferation of 
monocytes (24), and promotea the proliferation of T cella (25). 

Neither TNF receptor contains intrinsic protein tyrosine ki- 
nase activity or any recognizable motif (12-14), which suggests 
a mechaniam through which the aignal inherent in the hor- 
mone-receptor complex can be transmitted to signaling mech- 
anisms. This may suggest that associated proteins, rather than 
the intracellular domain of either TNF receptor, act aa eaaen- 
tial elements in signal transmission. Such accessory molecules 
may be cytoplasmic tyrosine kinases, exemplified by JAK2, 
which interacts with the erythropoietin and other receptors 
(26), or non-tyrosine kinaaes, such as gpl30, which asaociatea 
with the interleukin-6 and other receptora (27). Consistent 
with the hypothesis that TRAPS may be important to TNF 
action are recent reporta deacribing co-precipitation of TNFR-1 
with a protein kinaae activity (26, 29). The present studies were 
initiated to identify proteina that aaaociate with the intracel- 
lular domain of TNFR-1 (TNFR-lIC) and might then initiate 
aignal transduction. 

To addreaa this problem, we used the yeast-based two hybrid 
system, a method for studying protein-protein interactions (30, 
31). This method is based on the properties of the yeast GAM 
protein, which consiste of separable domains that mediate 
DNA binding and tranacriptional activation. Plasmids encod- 
ing two hybrid proteins, one consisting of the GAL4 binding 
domain (GAL4-BD) fused to protein X and the other consisting 
of the GAL4 activation domain (GAL4-AD) fused to protein K, 
are cotransformed into yeast Interaction between these pro- 
teina permiu tranacriptional activation of an integrated copy of 
the GAIA-lacZ reporter gene. 

To identify proteins that interact with TNFR-lIC, a plasmid 
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in which TNFR-iIC wa« fused with GAL4-BD (pGBT- 
TNFRIIC) was cotransformed into yeast together with a pool of 
plasmids encoding GAL4-AD/HeLa S3 cDNA library fusion 
proteins. This has led to identification of a gene encoding a 
novel protein that binds TNFR-IIC. The protein was precipi- 
tated using a fusion protein consisting of glutathione 5-trans- 
ferase and TNFR-1IC» demonstraUng that it interacU direcUy 
with the TNF receptor. The protein shows significant homology 
to members of the 90-kDa family of heat shock proteins (hsp90) 
and is widely expressed in normal tissues and transformed 
cells. We also used the two hybrid system to assay the ability of 
deletion mutations of TNFR-IIC to interact with the newly 
discovered protein. These experiments show that the amino 
acid sequences necessary for interaction aro diffusely distrib- 
uted ouUide of the cytotoxicity domain in TNFR-IIC. Identifi- 
cation of thit IW receptor-associatsd protein, which we call 
TRAP-1, is an important step toward defining how TNFR-1 
couples to signal transduction pathways and transduces TNF 
binding into responses. 

MATERIALS AND METHODS 
Bacterial and Yeast Strains— Ytaai itrains for two hybrid experi- 
ments were obtained from Clontech as componenU of the Matchmaker 
Two Hybrid System. Yeast strains SFY526 (MATa, ura3^2, his3-200, 
ade2-Wl, lys2'-801, trplSOl, Uu 2^, 112, can'',gal4-S42,gal80'S38, 
URA3:<iALl'lacZ) and HF7c {MATa, ura3-S2, his3-200, fys2-801, 

a 



Fig. 1. a, two hybrid library screen. 
pGBT9-TNFRlIC was used to screen a 
HeLa S3 cDNA library. Among the inter- 
acting clones, 1-45 and 1-57 encode partial 
sequences of TRAP-1 gene. 6, schematic of 
two clones. Clone M5 contains the partial 
TRAP-1 gene that spans 1996 bases up to 
the beginning of the poly< A) tail, which is 
in fipame with GAL4-AD. Clone 1-57 is 
shorter by 9 bases, initiating at base 10. c, 
specificity of interactions. Yeast strains 
transformed with combinations of plas- 
mids fiised to the GAL4-BD and with 
clone M5 were assayed for activation of 
3-galactosidase. The p53 gene (pVA3) and 
the SV40 large T antigen (pTDl) associ- 
ate strongly and serve as a positive con- 
trol pGBT-FAS is a GAU-BD/FAS-IC fu- 
sion; pGBT-TNFR2IC is a GAU-BD/ 
TNFR.2IC fusion. 
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ade2'l0l, trpl~901, Uu2^, 112 gai4-642, gal80-S38, LYS2:<}AL1- 
H1S3, URA3:.iGAU 17 mer$)^<nrCl lacZ) were used to assay for 
protein-protein interactions and for library screening, respectively. 
SFY526 has the upstream-acUvating sequence and TATA sequences of 
the GALl promoter fused to the heZ gene. In HF7c. H1S3 U fused to a 
GALl promoter sequence and LacZ U fused to 3 copies of a 17-mer 
GAL4 consensus sequence plus the TATA sequence of the CYCl prtK 
moter. The Escherichia coli strain of XLl-blue (Stratagene) was em- 
ployed in the cloning of plasmids unless otherwise noted. 

DNA Manipulation— -y^BMi shuttle vectors pGBT9 (GAL4-BD). 
PGAD424 (GAU-AD), pLAM5' (the lamin gene). pVA3 (the p53 gene), 
and pTDl (the SV40 Urge T antigen gene) were from aontech. PGR 
subcloning was used to amplify and insert TNFR-IIC into the unique 
Ecofa and BomHI of pGBT» (pGBT-TNFRlIC) using a cDNA clone of 
TNFR-l in pUC19 (a gift from Dr. H. Loetacher. Hofinann-URoche 
Inc.. Geneva. Switzerland) as the template. The intracellular domains 
of TNFR.2 (TNFR.2IC) (a gifl from Dr. H. Loetacher) and the human 
FAS anUgen (a gifl from Dr. S. NagaU. Osaka Biowaence Insifute 
Osaka. Japan) (FAS-IC) were amplified and subcloued into pGBT9 as 
described for TNFR-IIC. PGR producU were run on a low melUng point 
gel, cut out. melted, cleaned using a DNA cleanup kit (Promega). 
digested with appropriate enzymes, and finally ligated to the appropri- 
ate vector. Plasmid isolation was accomplished using the Wizard Mini- 
prep and Maxiprep kits from Promega. 

Six primera were designed to amplify various regions within TNFR- 
lie to make a series of deletion mutants. For oriented cloning, the 5' 
primers were Hnked toScoRI. and the 3' primere were linked to BomHI. 
All constructs were sequenced at the fusion sites to confirm in frame 
fusion of TNFR-llC and TNFR-IIC deleUon mutanU with GAL4-BD. 
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Two Hybrid Ubrory Scrietning~The HeU S3 Matchmaker cDNA 
library was purchawd from Clontech. pGBT9-TNFKlIC was trana- 
formed into HF7c using the lithium aceUte procedure. ARer determin- 
ing that TNFR'llC alone does not contein any latent transcriptional 
activity in HF7c, the transformant was gnwn overnight in Trp syn- 
thetic medium, to ensure that every cell conuined pGBT9-TNFRlIC. 
and sequentially transformed with 500 mK of the HeU S3 Matchmaker 
cDNA (prepared in the two hybrid activation vector pGADGH). Double 
transformed cells on 60 Uu , Trp , His plates were incubated for 6 
days at 30 "C before positive colonies were picked, restreaked onto 
triple minus pla >s. and assayed for the lacZ phenotype. Ubrary clones 
that activated the lacZ reporter gene only in the presence of pGBT»- 
TNFRIIC were chosen for sequencing, which was conducted using the 
Sequenase sequencing kit (U. S. Biochemical). 

Color Development A*«iys— Yeast transformants were assayed for 
0-galactosidase activity using niter and liquid assays. For filter assays. 
transformanU were transferred to nitrocelluloae filters, permeabilized 
in liquid nitrogen, and placed on Whatman No. 1 filter paper that had 
been soaked in Z bi^ier (60 mM Na,HP04, 4C mM NaH,P04. 10 mM 
MgCla. 60 mM 0-roercaptoethanol> containing 1.0 mg^ml 6 bromo-4- 
chloro.3-indolyl /?-D-galactoside at 30 "C. Color developed between 5 
mm and 10 h. For the liquid assay, cells were diluted 5.fold in rich 
media (YPDj, grown to mid-log phase iA^ 0.4-0.8), snap froten in 
liquid nitrogen, thawed at 37 X, and fiirther disrupted by vortexing 
vnth glass beads. The procedure of Miller (32) was then used to quan- 
Utate ^-galactostdase activity; however. chlorophenyl-red-ZJ-D-glactopy- 
ranoside (Boehringer Mannheim) was used for color development, and 
cell pelleU were resuspended in 900 /il of 100 mw HEPES. pH 7.0. 150 
mw NaCl. 2 mM MgCl^. 1% bovine serum albumin. 100 /J of 60 mM 
chlorophenyl.ped.0-D-glactopyrano8ide was added following cellular 
disruption, and the amount of liberated chlorophenyl-red ^-o-glactopy- 
ranoside was determined by A„^. Numbers represent ^-galactosidase 
actmty in Miller unit« and are expressed as the mean of triplicate 
determinations ± S.D. 

S'RACE PCR and cDNA Scwn-The 2.kb cDNA insert of clone M5 
from the two hybrid library screen was sequenced, and the restriction 
sites were mapped. PCR was performed to amplify the sequence miss- 
ing at the 5 -end of the TRAP-1 gene using 5 -RACE Ready cDNA from 
human liver (Clontech) as a template. Two TRAP-l gene-specific prim- 
ers (GSPl. GSP2) were designed based on the TRAP-' partial sequence 
of M5 that birds near the N terminus of the known nequence. The 
sequences of the gene-specific primere are 5'-CnTGTCTCGGCCTG- 
GAAC-3' (GSPl) and 6'-CGGGATCCCATGTTTGGAAG'It3GAAC. 
CCT.3' (GSP2). Primary and secondary PCR was performed according 
to the protocol provided by Clontech. 

Using the N terminal O.O-kb PCR product of the TRAP-l gene from 
1-45 as a probe, a HeU S3 cDNA library in lambda 2APII (Stratagene) 
was screened using sUndard techniques. The longest 2.2-kb insert was 
rescued as a phagemid (pBluescript-TRAPl) by coinfection with the 
helper phage. 

Northern B/o/^in^— Membranes pre-blotted with poIy<A)* RNA frx)m 
a variety of human tissues and cancer cell lines were obUined from 
Clontech. A O.e-kb N-terminal PCR product of clone 1-46 and an O.S-kb 
probe to hsp9O.0 (Stressgen Biotech. Corp. ), which were labeled using a 
Prime-A gene labeling kit from Promega, were used as probes. Hybrid- 
ization, washing, and stripping of the bloU were conducted accoHing to 
instructions provided by Clontech. 

Prrpanttion of GST TNFR UC Fusion />ro/Wfi»— Three GST- 
TNFRJIC fusion constructs were prepared by amplifying and inserting 
desired portions of TNFR lIC into the unique EfoRl and aomHI sites 
of pGEX-2T (Pharmacia Biotech. Inc.): 1 ) full-length TNFR-llC (amino 
acids 206^413. GST-TNFRlIC); 2) part of the N-terminal half of TNFR- 
lie (amino acids 243-315. GST-TNFRlNH,); and 3) the C-terminal 
half of TNFR-HC (amino acids 316-413, GST-TNFRlCOOH). After 
induction, cells were grown at 30 °C for 3 h, suspended in lysis bufTer 
(20 mM Tris. pH 8.0, 200 mM NaCI. m glycerol, 0.5** Nonidet P-40, 1 
mM phenylmethylsulfonyl fiuoride, 2 ^ml sprotinin, 2 ^*g^ml leupep- 
tin. 0.1% 2-mercaptoethanoh. and sonicated. The lysate was centri- 
fuged (12.000 rpm. 30 min). and one-tenth volume of 50* GST-agarttse 
slurry (Sigma) was incubatet* with the supemsUnt for 1 h at 4 'C. The 
beads were washed three times with lysis, bufTer and the purity of the 
GST fusion proteins was confirmed by SDS-PAGE. 

In Vitro Trannlation—The TnT-coupled rabbit reticulocyte lysate 
system (Promega) was used for one tube transcription^ranslation ac- 
cording to the instructions of the manufacturer. Rabbit reticulocyte was 
mixed with 1 m« of pBIuscript-TRAPl and T3 RNA polymerase, after 
which amino acid mixture without methionine plus I '"S [methionine 
was added to the incubate. After 2 h at 30 "C. expression of TRAP-l was 
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Fia2. EzpreMloa of TRAP-1 and humjui hmpBO-fi. Pre-blotted 
membranes conUining mRNAs from human tissues (a. left) or cancer 
cell hnea (6. right) were pTt)bed with a O.e-kb random primed N-termi- 
nal PCR product of the TRAP-1 gene in 1-45 (top ) and a specific probe for 
human hspSO-^ (6o*tem). The cancer cell lines from right to lefi were 
HL-60 promyelocytic leukemia cells. HeU S3 cells, k-662 chronic my- 
elogenous leukemic cells, MOLT^ lymphoblastic leukemia cells. Bur- 
kjtts lymphoma R^i. SW480 colorecUl adenocarcinoma cells, A649 
lung carcinoma cells, and G361 melanoma cells. Number* to the Uft of 
the blote indicate relative size in kb. The line to the right of the top 
panel indicates the 2.4-kb TRAP-l mRNA. The line to the right of the 
bottom panel indicates the 2.7.kb h8p9O-0 mRNA. 

characterited by SDS-PAGE and molecular image analysis (Bio-Rad) 
In vitro translation yielded a dominant 65-kDa protein, which is the 
predicted size assuming that the first internal Met codon of the pBlue- 
script-TRAPl is the start site for most translation. 

In Vitro flmdin^— Agarose-bound GST alone (10 GST-TNFRlIC 
(10 GST-TNTRINH, (30 or GST-TNFRICOOH (10 was 
added to binding buffer (20 mM Tris, pH 7.7. 0.5* Nonid-t P-40. 200 mM 
NaCI. 50 mM NaF. 0.2 mM sodium orthovanadate. 1 mM phenylmethyl- 
-ulfonyj fluoride. 2 pg/m\ aprotinin. 2 ^ml leupeptin. 0.1% 2-mercap- 
toethanol) and 40 |il of reticulocyte lysate conUining I'^Jmethionine- 
labeled TRAP-l. After 1 h at 4 X\ the agartMe beads were washed four 
times with binding buffer before addition of SDS-PAGE sample buffer, 
electrophoresis, and phosphoimage analysis. 

Two Hybrid Mapping of the TRAP J Binding Site in TNFR-HC— 
TNFR-lIC truncations spanning amino adds 205-280. 205-559 278- 
369, 278-426, and 362-426 were fused in frame with the GAL4-BD by 
PCR subcloning. These constructo and 1-46 were cotransformed into 
SFy526. which were assayed for the tocZ phenotype. Expression of the 
GAU-Bn/TNFR-lIC fusion proteins was determined by Western blot- 
Ung using a polyclonal antibody directed against GAL4'BD (UpsUte 
Biotechnology. Inc.). Briefly, yeast transformanto were grown overnight 
in minimal media and then diluted 5-fold in YPD broth. At mid-log 
phase, cells were harvested by centrifiigation. washed twice with ice- 
cdid TE buffer (10 mM Tris-HCl. 1 mM EDTA. pH 7.6). resuspended in 
TE buffer conUining 1 mM phenylmethylsulfonyl fluoride, 2 ngfml 
aproUnin. and 2 ti^ml leupeptin. and lyaed by agiUtion with glass 
beads. SupemaUnU were fractionated by SDS-PAGE and transferred 
to Immobilon-P, which was hybridized with the GAU-BO anUbody at 
1:2000 dilution and detected by ECL (Amersham Corp.). 

RESULTS 

To identify proteins that interact with TNFR-IIC. plasmids 
encoding TNFR-IIC fuaed with the GAU-BD (pGBT- 
TNFRIIC) and HeLa S3 Matchmaker cDNA were cotrans- 
formed into HF7c. Double transformant colonies were screened 
and selected for histidine prototrophy (Fig. la). Colonies iso- 
lated as His " transformanU were assayed for lacZ expression 
to eliminate false positives, an effective procedure as the HisS 
and lacZ reporter genes in HF7c are under control of dissimilar 
promoters. Activation domain library plasmids encoding poten- 
tial TRAPS were isolated from the double positive colonies, and 
the GAL4-AD/TRAP gene fusion site was sequenced. We found 
two groups of cDNAs that encode distinct proteins: TNF recep- 
tor-associated protein 1 (TRAP-l) and a second receptor asso- 
ciated protein (TRAP.2). which will be described elsewhere 
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Two TRAP-1 clones. 1-45 and 1-57, were sequenced at the fusion 
site; both were in frame with GAU-AD, and 1-57 was shorter 
than 1-45 by 9 bases (Fig. 16). Sequence analysis of the cDNA 
insert of 1-45 showed that the partial TRAP-1 gene spans 1996 
bases with an open reading frame ending at base 1827. Prom 
the fusion site, this clone encodes a protein of 608 amino acids. 

Experiments were conducted to establish that interaction of 
TNFR-lIC with TRAP-1 is specific (Fig. Ic). 1-45 by itself was 
incapable of activating ^-galactosidase activity, which shows 
that TRAP-1 does not conUin a latent transcriptional activa- 
tor. GAL4-BD alone, lamin, TNFR.2IC. or FAS-IC. which con- 
tains a cytotoxicity domain with homology to that found in 
TNFR-lIC, did not interact with TRAP-1. Only when the 
TNFR-iIC gene was cotransformed with 1-46 was activation of 
the lacZ reporter gene detected. These observations rule out 
the possibility that TRAP-1 nonspecifically interacts with other 
proteins. 

To identify the full-length size and distribution of expression 
of TRAP-1 RNA, we used a 0.6-kb N-terminal PGR prwluct of 
1-45 as a probe to hybridize blots of multiple normal tissues and 
various transformed cell hnes. As shown in Fig. 2. there was a 
single TRAP-1 transcript of about 2.4 kb. To obUin the full- 
length cDNA for TRAP-1, we used 6'-RACE PGR and also 
screened a lambda ZAPII cDNA library. The 6'-RAGE PGR 
extended the known sequence of TRAP-1 by 180 bases. The 
combined sequence of 1-45 with the 5'-RAGE PGR product 
spans 2.2 kb (versus 2.4 kb, mRNA size) and is predicted to 



encode a protein of 661 amino acids (Fig. 3). A highly com- 
pressed GG-rich region of about 30 bases at the S'-end of the 
PGR product may have prevented the reverse transcriptase 
from reading to the 5'-end of the message. Similarly, the long- 
est phage clone isolated as a phagemid from the lambda ZAPII 
library search was 2.2 kb (pBlucscript-TRAPl). However, it is 
most important that the sequence defined by the two hybrid 
screen and the 5'-RAGE PGR encodes virtually the complete 
coding sequence of TRAP-1 and conUins all of the elemente 
necessary for binding to TNFR-IIG. 

To identify homologous proteins, the predicted amino acid 
sequence of TRAP-1 was used to search the National Genter for 
Biotechnology Information (NGBI) data base using Blast com- 
mand. TRAP-1 shares significant homology, 34% sequence 
identity and overall homology of about 60% when conserved 
substitutions are included, with members of the hsp90 family 
(33) (Fig. 4). Homologies between hsp90s and TRAP-1 aro not 
restricted to a single sequence of amino adds but reside in at 
least six distinct domains. A striking difference between 
hsp90s and TRAP-1 is the absence of a highly charged domain 
in the latter, which is present in the former. 

Northern blot analysis (Fig. 2, top) showed that TRAP-1 
mRNA is variably present in eight different normal tissues and 
was in eight transformed cell lines. To rule out the possibility 
that the probe used to define the size and tissue distribution of 
TRAP-1 mRNA nonspecifically recognizes hsp90, the blots used 
for the experimenU in Fig, 2 were stripped and hybridized with 
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Fig. 4. Amino «cid tequencc align- 
ment rat hs|»90-^ with TRAP-1. 
Sequence alignment was obtained using 
Bestfit command in Genetics Computer 
Group software . The upper sequence is 
TRAP- 1, and the /ou*r aequenct is rat 
hsp90. Straight line$ between amino 
acids indicate identity, and dotted linen 
indicate conserved substitutions. The 
highly charged segment in rat hsp90 is 
underlined, while obviously conserved do- 
mains in TRAP-1 and hsp90 are boxed. 
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a probe to h8p90 (Fig. 2, bottom). The hspQO mRNA was dis- 
tinguished frt)m that of TRAP-1 by size (2.4 compared with 2.7 
kb, respectively) and relative expression level in normal tissues 
and transformed cells. 

An in vitro binding assay was developed to demonstrate 
direct interaction between TRAP-1 and TNFR-lIC and to es- 
tablish that identification of TRAP- 1 as a TNF receptor-asso- 
ciated protein was not an artifact of the two hybrid system. 
TRAP-1 expressed by jn vitro translation and labeled with 
('^*Slmethionine was incubated with agarose GST, and with 
GST fusion proteins conUining full-length TNFR-UC (GST- 
TNFRllC). the N-tcrminal half of TNFR-UC (GST- 
TNFRlNHa) and the C-terminal half of TNFR-lIC (GST- 
TNFRICOOH) (Fig. 5). GST TNFRIIC and GST-TNFRlNHj 
precipitated TRAP-1, whereas GST or GST-TNFRICOOH did 
not. These observations show that TNFR-UC binds TRAP-1 



without the intermediacy of third proteins and docs so in a 
mammalian cell-free system as well as in yeast. Thus, identi- 
Hcation of TRAP-1 as a TNF receptor-associated protein cannot 
be an artifact associated with the use of the two hybrid system. 
These observations additionally show that the binding site for 
TRAP-1 resides in the N-terminal half of TNFR-UC. 

To further define the amino acid sequences important for 
interaction of TNFR-UC with TRAP-1, we constructed C- and 
N-terminal truncations of TNFR-UC. The deletion mutante 
were subcloned into the pGBT9 and cotransformed into 
SFY526 together with 1-45 to assay their interactions using the 
two hybrid system. The relationship of these mutants to TNFR- 
UC and their ability to interact with TRAP-1 and thereby 
activate ^-galactosidase is shown in Fig. 6a. The results ob- 
tained do not directly reflect the affinity of the interaction 
between TNFR-UC domains with TRAP-1 since expression of 
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Fio. 6. Mapping tb« TRAP-l biadinc aitM in TNFIHIC. a, plaa* 
mids encoding GAU-BrmTFR-lIC deletion muUnU were cotrana- 
fonned with MS, and ^-galactosidase activity was assayed. The top bar 
Illustrates the structure of TNFR-UC. The blackened horuontaJbarB 
^^^L^* relative size and location of each deletion muUnt in 
TNFR.1IC. 6. expression of GAU-BIVrNFR- lie deleUon mutants was 
assayed by Western blotting using antisera directed to GAU-BD. Une 
o, full-length TNFR-UC (amino acids 205-426); lane h TNFR-UC 
amino acids 20S-280: lane c. TNFR-UC amino acids 206-359; lane d 
TOFR-UC amino acids 278-^9; lane e, TNFR-UC amino acids 278- 
426; lane A TNFR-UC amino acids 352-426. which consistently ap- 
peared to overlap a nonspecific band. The arrow to the right of each lane 
in the Western blot indicates tho position of the fusion protein, 

the GAL4.BD/TNFR-1IC fusion proteins in yeast, assayed by 
Western blotting with an antibody directed against the 
GAU-BD (Fig. 66), was somewhat variable. However, the re- 
sults can be used to determine whether any receptor domain 
contains recognition elemenU essential to the interaction be- 
tween TNFR-UC and TRAP-l, especially when interpreted 
together with observations made using GST-TNFRIIC fusion 
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proteins (Fig. 5). Peptides encompassing amino acids 205-280 
and 278-359 activated ^-galactosidase, showing that the ele- 
menU that promote interaction of TNFR-UC with TRAP-l ar« 
diffusely distributed. The avidity with which amino adds 205- 
359 bound TRAP-l ( 123 Miller uniu of ^-galactosidase activity) 
was more than predicted based on an additive respon«ie to 
amino acids 205-280 and 278-359 (45 Miller uniU), suggesting 
that the conformaUon of the peptide and perhaps the accessi- 
bility of crucial binding domains plays a role in regulating 
interaction. The inability of residues 352-426 to produce p-ga- 
lactosidase activity shows that the binding sites reside largely 
If not entirely, ouUide of the cytotoxicity domain, a result 
consistent with the ability of GST-TNTRlNHj but not GST- 
TNFRICOOH to precipitate TRAP-l (Pig. 5). A larger Ctermi- 
nal peptide (amino adds 278-426) was also unable to activate 
p-galactosidase, despite the capadty of the peptide encompass- 
ing residues 278-559 to do so. One explanation for this result 
" r!nlfl«'* J5;totoxidty domain negatively regulates interaction 
of TNFR-lIC with TRAP-l. 

DISCUSSION 

Studies taking advantage of the strong spedes spedfidty of 
TNFR-2 for murine compared with human TNF (17) or employ- 
ing agonist antibodies spedfic to either TNF receptor (10. 16- 
20) have shown that signaling through TNFR-1 promotes 
growth inhibition and cytotoxidty in transformed cells, antivi- 
ral activity, proliferation of fibroblaaU, induction of NF-kB 
accumulation of c-Fos, interleuldn-6, and manganous superox' 
ide dismutase mRNAs. prostaglandin synthesis, and HLA 
class I and II cell surface antigen expression (1^, 10, 16-20) 
Mice defident in TNFR-l are severely impaired in the ability to 
^ dear the bacterial pathogen Usteria monocytogenes and die 
rapidly from infections; however, these animals are resistant to 
Iinopolynnrrharide-mediated septic shock (19). Thus. TTOTM 
plays a dedsive role in the host's defense against microorgan- 
isms and their pathogenic factors. The significant role of this 
receptor in TNF action led us to initiate our search for TRAPs 
using TNFR-lIC as bait in a two hybrid screen of a cDNA 
library. 

The two hybrid system detects proteins capable of interact- 
ing with a known protein by transcriptional activation of a 
reporter gene (30, 31). This method has demonstrated interac- 
tions between Bcl-2 and R-m« p23 (34). Sos 1 and GRB2 (35), 
complex formation between Ras and Raf and other protein 
kinases (36), binding of the human immunodefidency virua 
type 1 GAP protein with cyclophilins A and B (37), and also 
identified proteins that interact with the type 1 receptor for 
TGF-p (38) and the type 2 receptor for TNF (39). Previously, we 
used the two hybrid system to demonstrate self-assodation of 
TNFR-lIC (40). Evidence for such aggregation was obtained 
from a screen of a HeLa S3 cDNA library using TNFR-lIC as 
bait; this yielded a done encoding a protein encompassing the 
death domain at the C-terminal of TNFR-lIC (41). Aggregation 
is independentiy suggested by the ability of non-functional 
TNFR-1 deletion mutants to suppress signaling by non-defec- 
tive endogenous TNF receptore (42). Thus, our previous studies 
(40) demonstrated that the two hybrid system can successfully 
identify proteins that interact wiUi TNFR-1, one of which is 
TNFR-lIC itself 

In this and another study that describes a second TNF re- 
ceptor-assodated protein. TRAP.2.* the two hybrid system was 
used to search for additional proteins that bind TNFR-lIC. 
leading to the discovery of TRAP-l and TRAP.2. Both proteins 
interact spedfically with TNFR-1 and not with unrelated pro- 

• Song RY.. Dunbsr, J. D. Zhsng , Y. X, Guo, D,, and Donn#r, D. B.. 
•ubnutted for publication. 
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Fio. 7. a, map of TRAP binding sites in 
TKFR-lIC defined using the two hybnd 
system and by in vitro precipitation. 6, 
relationship of hsp90. TRAP-1. and 
TRAP-2. Six domains that share homol- 
ogy in h»p90 and TRAP-1 are indicated by 
gpeckUd box€$ and Roman numemU. The 
black boxeM delineate ■ highly charged 
segment in hsp90 and TRAP-2. The 
length of each bar represents the relative 
si«e of each protein. 
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teina. mRNAs for both TRAPs are highly expressed in numer- 
ous transformed cell lines and are detected at different levels of 
expression in the heart, brain, placenta, lung, liver, skeletal 
muscle, kidney, and pancreas. 

Fig. 7o summarires the domain structure of TNFR-lIC, 
showing the relationships of the death/aggregation domain to 
the binding sites for TRAP-1 and TRAP-2. Each TRAP binds to 
sites in TKFR-lIC that reside outside of the death (41, 42) 
and/or aggregation (40) domain. Mutations in this domain dis- 
rupt the ability of TNFR-1 to signal not only cytotoxicity but 
antiviral activity and induction of nitric oxide synthase as well. 
These observations should not lead one to conclude that 
TRAP-1 and TRAP-2 are not involved in TW acUon. While the 
cytotoxicity domain is undoubtedly important for induction of 
some responses mediated by TNFR-1, it is not the only domain 
involved in signaling. Recent observations show that the ability 
of TNF to activate an endosomal acidic sphingomyelinase is 
abrogated by C-terminal deletions encompassing all or part of 
the cytotoxicity domain in TNFR-1, whereas activation of a 
membrane-associated neutral sphingomyelinase is unaffected 
(43). Ceramide produced by the neutral sphingomyelinase is 
important for activation of a proline-directed serine threonine 
kinase and phospholipase A,. The acidic sphingomyelinase ac- 



BB conserved domains between 
ksp90 and TRAP-1 

■ highly chaiged segment present 
in hq»90 and TRAP-2 

tivates NF-kB. Thus, different domains in TNFR-lIC control 
important and distinguishable second messenger pathways 
and cellular responses. 

TRAP-1 shows strong homology to members of the hspSO 
family. Fig. 4 illustrates the presence of r.: least six domains of 
high amino acid identity and conservation that relate TRAP-1 
and hsp90s. Interestingly, a well conserved, highly charged 
sequence of amino acids in hsp90 is absent from TRAP-1 but 
identified in TRAP-2. Pig. 76 illustrates the structural relation- 
ship of hsp90 to TRAP-1 and TRAP-2. While the significance of 
the relationship of the TRAPS to one another and hsp90 is not 
presently known, a basis existo for believing that such stress 
proteins are important to defining cellular responses to TNF. 
First, induction of the heat shock response rendera trans- 
formed cells resistant to TNF and macrophage-mediated cyto- 
toxicity (44). Second, transfection of hspTOs into otherwise re- 
sponsive cells induces a sUte of resistance (46), and TNF- 
induced phosphorylation of hsp28 stress proteins is also 
associated with protection against cytotoxicity (46). Third, the 
elements in TNFR-lIC necessary for binding to TRAP-1 and 
TRAP-2 reside outside of the cytotoxicity/aggregation domain. 
Large deletions ouUide of this domain (41), where TRAP-1 and 
TRAP-2 bind, do not impair the ability of mutant receptors to 
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induce cytotoxicity or antiviral activity. 

Heat shock proteins are likely candidates for service as 
TRAPS as they act as cofactors or chaperones in cell growth- 
associated processes, protein folding and transport, and cell 
division and membrane function (47). Hsp908 associate with 
steroid receptors, which are thereby stabilized in a non-DNA 
binding conformation, and also with protein kinases (47) 
Hsp908 also modulate signaling through transduction cas- 
cades. Mutations in a member of the hspM family, hsp83 
inipairs signaling by the sevenless receptor tyrosine kinase! 
which IS required for differentiation of the R7 photoreceptor 
neuron in Drosophila (48). Also, lethal expression of vSrc in 
Saccharomycen cerevisiae is suppressed by a reduction in the 
level of Hsp82 (49), The diverse properties of hsps suggest that 
the discovery of TRAP-1, and also TRAP-2. is important and 
likely to provide Insight into the mechanistic basis for TNF 
action. 

Li 7h!rj?J!ir?T?'~*u' (^"^/"i'y acknowledge the assistance of Dr. 
U Zhu (Clontech) in the use of the two hybrid system. 
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Dual Role f th p75 Turn r Necrosis Factor (TNF) 
Rec ptor in TNF Cytotoxicity 

By Jacek Bigda, Igor Bclctsky, Cord Brakcbusch, 
Yevgeny Varfolomeev, Hartmut Engelmann, Justina Bigda, 
Helmut Holtmann,* and David Wallach 

From the Department of Membrane Reseanh and Bi^hysks, The Weizmann InsHtute of 
Science. 76100 RfhotH>t, Israel; ami the ^Department of Molecular Pharmacology, School of 
Medicine, 3000 Hannover 1, Germany 

Summary 

^^i^?.''*^ " ^P'f involvement of the p55 tumor necrosis factor (TNF) rcccpt r 

(p55.R) in the cytocidal effect of TNF, the role of the p75 TNF receptor (p75-R^ in this effect 
IS a matter of debate. In this study, ivc probed the function of pTS-R in cells sensitive to the 
qrcotoxiQty of TNF using a wide panel of antibodies (Abs) against the receptor's octraccUular 
domain. Two distmct Ab ^ects were observed. The Abs triggered signaling for cytotoxicity. 
This effect: (a) was correlated with the extent of p75.R expression by the ceUs; (b) was dependent 
on receptor cross-linking by the Abs; (c) occurred in HcLa cells, but not in A9 cells transfected 
with human p75-R or in HeLa ccUs expressing cytoplasmicaUy tnincated p75.R mutants, indicating 
that It involves ceU-specific activides of the intraceUular domain of the receptor, (d\ was synenristic 
with the cytoadal effixt of Abs against pSS-R, Moreover, it seemed to reverse induod desensiti«rion 
to the <ytoadal effect of anti p55-R Abs, suggesting that it involves mechanisms different from 
those of the signaling by the p55 TNF-R. In addition, the Abs affected the response to TNF 
in a way that does not involve the signaling activity of p75-R. These effeas: (a) could be observed 
also in cells in which only pSS-R signaled for the cytocidal effect; (b) were not dependent on 
receptor cross-linking by the Abs; (c) varied according to the site at which thr AbTbound t 
7c T^S^L ['O were correlated inversely with the efferts of the Abs on TNF binding to 
5 1 I!j?vtl*'r .""'^'"^ *° membrane-distal part of the receptor's extracellular domain 
displaced TNF from the p75 receptor and enhanced cytocidal effect, whereas Abs that bind to 
the membrane-proximal part of the extracellular domain - a region at which a conformational 
change seems to take place upon TNF binding - decreased the diisociatiuu of TNF from p75-R 
and I'^hibitcu effect. The above findings suggest that p75.R contributes to the cytocidal 

ettcct of TNF both by its own signaling and by reRulating the access of TNF to p55-R. 



TNF initiates its multiple effects on cell fonction hy binding 
to two distinct cell surface receptors (1-8). These two 
receptor species (p55-R» and p75-Rs) are expressed in many 
cell types, in various amounts and proportions. Both also exist 
in soluble torms, which are cJenved proteolytical'y from the 
extracellular domain of the corresponding cell su.-f*cc foiai 



< Ahhrtviatiom used in this paper A9p75WT A9 cells expressing tnnsfccted 
wild type p75 TNF receptor; A9 p75CT, A9 cells expressing transfected 
cytoplasmicaUy truncated p75 TNF receptor; ABTS. 2, 2'-azino-bis-(3- 
ethylbenzthia2oline-6-sulfonic acid); CHI. cycloheximidc; HeLa p75WT. 
HcU cells expressing transfected wild-type p75 TNF leceptor. HeLa p75CT 
HcLa cells expressing tranjfccted v>toi>lAsiuic*lIy truncated p75 TNF 
receptor; IPTC, isoproRrl-^-D-thiogaUctopyranoside; MBP, maltose binding 
protein; NGF. nerve growth factor, p55-R, p55 TNF receptor; p75-R. 
p75 TNF receptor; RIPA. THs-HCi. NaCl, NP-40. deoxycholate. SDS. 
EDTA; TNF-R, TNF receptor. 



(2, 9-11), The soluble TNF reccpton (TNF-R) bind TNF 
in a revcnible manner and can thus affect its access to the 
cell- surface receptors as well as its stability (12). 

There is significant sequence homology between the ex- 
tracellular domains of the two receptors. Both contain a four- 
fold repetition of a sequence module characterized hy con- 
served location of several (usually six) cysteine residues, as 
well as of some other amino acid residues (4-8). Homolo- 
gous repetirive cysteine-rich modules occur in the extracel- 
lular domains of a number of other recepton (the TNF/nerve 
growth factor (NGFJ receptor family), including the low- 
affinity NGF receptor (13), the B cell andgen CD40 (14), 
the lymphoid activation antigen OX40 (15), the T cell an- 
tigens 4-lBB (16) and CD27 (17), the CD30 anrigen (18), 
the Fas/APO-1 recept r (19, 20), and the T2 pox virus gene 
product (21). Significant structural h mology am ng the 
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ligands for several f these recept rs suggests that they have 
evolved (rotn a common ancestral recept r-ligand pair and 
that the conserved structiiral features of the repetitive cysteine- 
rich module underlie conserved comm n features f their ac- 
tion mechanisms (22-27). 

Knowledge of the structural basis of TNF-R function is 
primarily confined to the p55-R species. X-ray analysis of 
co-crystals of its soluble form with TNF-/3 has provided in- 
formation on the way in which p55-R binds TNP (28). 
Detailed mutational studies of its intracellular and "spacer** 
regions (the region that links its cysteine-rich module to the 
transmembrane domain) have revealed motifs that are involved 
in its signaling and in its induced shedding (29-32, and 
Brakcbusch C, E. Varfolomecv» M. Batkin, and D, Wallach* 
manuscript in preparation). Many of the known effects of 
TNF can bt induced in cells by the use of Abs against the 
extracellular domain of p55-R, indicating that the signaling 
activity of this receptor species suffices for their induction 
(e.g.33, 34). Theefl icacy of induction is correlated with the 
extent of receptor cross-linking by the Abs, suggesting that 
initiarion of the signaling aaivity of p55-R involves receptor 
aggregation (33). 

The nature of the signaling mechanisms of p5S-R and 
p75-R is not known. However, the lack of structural similarity 
between their intracellular domains suggests that they pro- 
vide distinct signals. Indeed, several studies indicate that the 
two TNF-Rs can induce different effects (35-38). Other 
studies suggest, however, that at least some of the effects of 
TNF induced by p55-R, for example its cytocidal effect, are 
^ficcleJ by p73-R activity or activities (39*45). In some 
of these studies it was suggested that p75-R assists the in- 
durtion of Mich TNF effect* by enhancing the binding of 
TNF to p55-R (38), and in others that p75-R contributes 
via its own signaling activity (42, 44). 

In this study, we explored the functional interactions of 
the two TNF-Rs by analyzing the effects of Abs against 
different regions in the extracellular domain of p75-R on TNF 
cytotoxicity. Our analysis confirmed *hat p75-R can partici- 
pate in the cytocidal effect and indicated that its contribution 
includes two distinct kinds of activities. One of them, sig- 
naling for the cytocidal effect, known to be triggered by p55-R, 
was conclusively shown here to be triggered by p75-R as well. 
This signaling activity seems to emanate from the intracel- 
lular domain of p75-R and, like the signaling activity of p55- 
R, can be triggered by Ab-mcdiated receptor cross-linking. 
Second, by controlling the access of TNF to p55-R, p75-R 
appear: to regulate p55-R-mediatcd cytotoxicity. This ap- 
parent activity of p75-R is also affected by Abs but is inde- 
pendent of receptor cross-linking. It appears to involve the 
extracellular domain of p75-R. not only in its membrane- 
distal part, to which TNF binds, but also in its membnne- 
proximal part, where a conformational change seems to take 
place upon TNF binding. 

Materials and Methods 



Ahs and Their Characterization 

A panel of 23 mAbs against human p75 TNF-R was established 
by immunizing mice with the soluble urinary receptor, as described 
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for the development of Abs against p55-R (33). Cross-co m petition 
analysis of the binding of these Abs to the soluble receptor (33) 
showed that they bind to five epitopes, denoted here as epitope 
A (14 Abs), B (Abs number 31 and 41), C (36 and 62), D (67 and 
81). and £ (32, 57. and 70). 

Monovalent Fab fragments of the mAbs were produced either 
by cleavage with papain, as described previously (33), or with pepsin, 
followed by reduction, alkylation, and purification on a protein 
G-Sepharose column (Pharmacia, Uppsala, Sweden) (46). 

Rabbit polyclonal Abs against the spacer region in p75-R, which 
extends between the transmembrane domain and the COOH- 
terminal cysteine in the extracellular domain, were raised against 
a recombinant protein consisting of amino acids 181-235 of p75~R 
(numbered according to reference 47), fused to the maltose-binding 
protein (MBP). This fusion protein, produced using the pMal-cRI 
vector (New England Biolabs Inc., Beverly, MA), was expressed 
in protease-deficient BL21 bacteria and purified on an amylase 
column according to the manu£Kturer*s instructions. The Abs were 
purified by ammonium sulfate precipiution and Abs against MBP 
were then removed by their adsorption on an irrelevant MBP fu- 
sion protein. Flow cytometry demonstrated their binding to the 
native receptor expressed by HeLa cells. Concentrations of these 
Abs are specified in terms of dilution, compared to their initial con- 
centration in the serum. 

Mouse monoclonal and rabbit polyclonal Abs against the soluble 
form of human p55-R were produced as described (2, 33). Rabbit 
polyclonal Abs against mouse p55-R were raised hy immunizing 
rabbits with recombinant extracellular donuin of mouse p55-R 
fused to MBP, produced using the pMal-p vector. The monoclonal 
anti-Ilr6 Ab (number 34.1), used here as an isotype-matched nega- 
tive control for the flow cytometry experiments, was a gift from 
Interlab Laboratories (Ness-Ziona. Israel). FITC-labeled goat Ab 
against the Fab fragment of mouse IgG was obtained from Biomakor 
(Rehovot, Israel). Goat Ab against mouse IgG was obtained from 
Jsrkton ImmnnoRpsearch Laboratories, Inc. (West Gtove, PA). 
Affinity^purified goat anti-rabbit Ig, goat anti-rabbit Igs linked 
to horseradish peroxidase, and goat anti-mouse Igs linked to horse- 
radish peroxidase were obtained from Biomakor. 

Establishment yf HeLi and Cfff Tmmfertantt that Chifrntpm* 
the Wild-type or Cytoplasmically Truncated p75-R 

Human HeLa (48) and mouse A9 (49) cells were grown in 
DMEM supplemented with 10% FCS, 100 U/ml penicillin, and 
100 fig/m\ streptomycin. The cONA for human p75-R was ob- 
tained by screening a Xgtll cDNA library of U937 cells (Clon- 
tech, ?i\o Alto, CA) with oligonucleotides corresponding to the 
published sequence of the receptor (7). The 5' and 3' untranslated 
regions were deleted (upstream from nucleotide 90 and downstream 
from nucleotide 1476, according to the numbering of reference 7), 
and the receptor was expressed m the pMP5 VhH expression vector, 
MTidrr control of the myeloproliferatiw sarcoma vims promoter (50), 
either fiilly or after cytoplasmic deletion, downstream from Gin 
264 or from Gin 273. The receptor constructs, together with the 
pSV2neo plasmid conferring resisunce to neomycin, were trans- 
fiected to the A9 and HeLa cells by the calcium phosphate precipi" 
tation method. Expression of the transfected receptor in clones resis- 
tant to G418 (500 /ig/ml; Sigma Chemical Ca. St. Louis, MO) 
was assessed by determining both the binding of radiolabeled TNF 
and that of monoclonal anti p75-R Abs to the cells. Levels of p75-R 
were quantified hy measuring the binding of radiolabeled TNF at 
saturating concentrations to the cells in the presence of an Ab against 
p55-R (number 18). In all experiments, testing of cells of several 
clones overexpressing p75-R yielded qualitatively similar results. 



The presented dau concerning the HeLa cells that overexpreM wild- 
type p75-R (HeU p75 WT) refer to a specific clone that expressed 
about 72.000 TNF-R per cell. The effect of cytopbsmic trunca- 
tion on p75-R function was tested in A9 cells by expressing the 
receptor truncated downstream from Gin 264. In HcLa cells, ex- 
amination of muunts truncated downstream from Gin 264 and 
from Gin 273 revealed the same phenotype in both. 

Assay of Cytocidal Activity ofTNF and Abs against the Rfceptots 
Recombinant human TNF-a (6 x 10^ U/mg protein) was 
used, except in the indicated cases, where recombinant mouse 
TNF-a (4 X 10' U/mg protein) was employed. Both were pro- 
duced by Gcncntcch, Inc. (South San Francisco, CA) and kindly 
provided by Dr. G. Adolf (Boehringer Institute, Vienna, Austria). 
Unless otherwise sutcd, the cytocidal effects of TNF and of anti 
TNF-R Abs in the HeLa cells were assessed by applying TNF or 
the Abs to the cell? for 10 h. in the presence of qdoheximidc (CHI, 
25 Mg/ml). The A9 cells were treated with TNF or the Abs for 
12 h, in the presence of 50 /ig/ml CHI. Cell viability was deter- 
mined by the neutral-red upuke method, as described elsewhere 
(51). The cytocidal effects of Abs against p75-R and of their Fab 
fragments after cross-linking with anti-Ig Abs, were assessed as 
described for Abs against p55-R (33). All tests were performed 
in triplicate. Viability of treated cells is presented as a pcrcenUge 
of the viable cells in cultures incubated v^rith CHI alone ± sUn- 
dard deviation. Results of the cytotoxicity tests are represenutive 
of sets of at least three independent experiments that yielded similar 
results. 

Quantification of TNF Binding to Cells and of its 
Modulation by Anti'p75 Abs 

TNF w-as labeled vrith b>- the chloramincT method, as pre- 
viously described (52), to a specific radioactivity of 1,500 Ci/mmol. 
Specific binding of the radiolabeled TNF applied to the cells for 
2 h at 4**C at a concentration of 0.5 nM, in the presence or absence 
of Abs against TNF-R, was determined as described (53). 

The effects of and p75-R Abs and of their Fab monovalent frag- 
ments on the rate of TNF dissociation from the receptors were 
assessed as follows: radiolabeled TNF was applied to the cells in 
PBS containing 154 mM NaCl, 10 mM sodium phosphate, pH 
7.4, at a concentration of 1 nM, m the presence or absence of 10 
fig/m\ of the Abs. After incubation for 8 h, the cells v^w rinsed 
twice with ice<old PBS to remove unbound TNF, and incubated 
fiirther vrith PBS conuining the Ab (10 iig/vnl), 0.5% BSA, 0.02% 
sodium azide, and unlabeled TNF (0.1 #iM), for the indicated rime 
periods. They were then rinsed once with cold PBS, and the cell- 
bound radioactivity was determined. The dau presented are av- 
erage values for quadruplicate samples. 

\^ 'J — A 1" 

Modulation by Prctrcatment with TNF 

The extent and efficacy of binding of the various Abs to p75-R 
were assessed by the following three procedures: 

Flow Cytometry. After treatment with TNF, nearly confluent 
HeLa p75 WT cells were detached in PBS conuining 5 mM EDTA 
and then incubated sequentially with anti p75-R Abs at various 
concentrations, and with FlTC-labeled goat Ab against the Fab 
fragment of mouse IgG at a dilution of 1:20. Each incubation was 
carried out fur 30 luin at 4**C. The fluorescence intensity of the 
cells was analyzed using a FACScan* flow cytometer (Becton Dick- 
inson & Co., Mountain View, CA). 

Immunoprrcipitation of the Receptor. Nearly confluent HeLa 



p75WT cells were treated with TNF and then rinsed with cold 
PBS containing 0.5% BSA. They were then incubated for 1.5 h 
on ice in the same buffer containing the indicated monoclonal anti 
p75-R Abs at a concentration of 10 Mg/nd, or polydonal Abs against 
p75-R spacer region at a dilution of 1:100. The ceUs were then 
washed, lysed, and extracted with RlPA buffer (10 mM Tris-HCl. 
pH 7.5, 150 mM NaCU 1% NP-40. 1% deoxychoUte. 0.1% SDS, 
and 1 mM EIHA), supplemented with 1 mM PMSF and 10 mM 
benzamidine HCl. Insoluble material was pelleted by centrifriga- 
tion for 30 min at 30,000 g. Ab-receptor complexes were adsorbed 
on protein G-Sephaxose b^ for 4 h at 4^ The beads were waJxid 
thoroughly with RIPA buffer and PBS, resuspended, and boiled 
in SDS sample buffier containing mercaptoethanol. Afrer SDS-PAGE 
(10% acryUmide), the proteins were Western blotted on nitrocel- 
lulose sheets (Schleicher 9c SchuelL Dusel, Germany) and probed 
with rabbit polyclonal Abs against the soluble form of p7S-R, or 
(when immunoprecipiurion was performed with inrispacer Abs) 
with mAb number 32. The amount of Ab bound to the blots was 
determined by incubaring the blots with goat anti-rabbit or goat 
anti-mouse Ab conjugated to horseradish peroxidase, and meas- 
uring the amount of bound conjugated Ab after further incuba- 
rion with diaminobenzidine (Sigma Chemical Ca) and hydrogen 
peroxide. 

Cell ELlSA of Ah Bound to the Cell in the Presence of Deter- 
gent Confluent monolayers of HeLa p75WT cells in 96-miaowell 
plates were treated with TNF, thoroughly rinsed with ice<old PBS 
containing 1 mM calcium chloride and 1 mM magnesium chlo- 
ride, and fixed with glutaraldehyde (0.1% in PBS) for 40 min at 
4**C. Free aldehyde groups were blocked by incubarion of the cells, 
flnt for 30 min at 37*C with 100 mM glycine in PBS, and then 
for 2 h with PBS, 0.5% BSA. 0.05% TWeen-20, and 0.05% 
NaNj. The pbtes were rinsed with PBS containing 0.05% Tween- 
20 and incubated in the same buffer for 2 h at 4*'C with the indi- 
cated concenirarions of the Abs. The cells were rinsed with RIPA 
buffer, and the amounts of Ab bound to the cells were determined 
by incubaring the cells with goat anri-mouse or goat anti-rabbit 
Ab conjugated to horseradish perooridase followed by further incu- 
barion with 2, 2'-a2ino-bis-(3-ethyIbenzthiaK)line-6-$ulfonic acid) 
(ABrrS; Sigma Chemical Co.) and hydrogen peroxide. Altemarively. 
Ab binding was quanrified using preparations of Abs radiolabeled 
by the chloramine-T method (52). After binding of these Abs lo 
the glutaraldehyde-foied cell monobycn, the weQs were rinsed wi^h 
RIPA buffer, and Abs bound to the cell* were detached in 2% SDS 
solution and quantified using a 7-counter. 

Mapping of Epitope E DN A sequences encoding different over- 
lapping prts of the extracellular domain of p75-R were produced 
by PCR; using the full-length cDNA as template. The antisense 
primers used for the PCR reaction contained a stop codon. The 
DNA sequences were introduced into the pET8c vector (54) or 
were expressed in fusion with MBP by introduction into the 
p.VulcRI vector (Nc%% CngLiid SU>lAbi, loc). Biclciu (BL21) ex- 
pressing these proteins upon induction with isopropj'l-^-D-thio- 
galaaopyranoside (IPTG; Pharmacia) were resuspended in SDS 
sample buffer conuining /5-ME, denatured by boiling, and sub- 
jected to SDS-PAGE (10 or 12% acrylamide) followed by >Xfestem 
blotting. The blots were incubated sequentially with a blocking 
solution conuining 154 mM NaCl, 10 mM sodium phosphate, pH 
7.4, 0.05% TWeen-20, 10% (vol/vol) bovine milk and 0.25% 
(vol/vol) normal goat serum, with an Ab against epitope E and 
with radiolabeled goal Ab to mouse IgG, and were then autoradi- 
ographed. Alternatively, binding of Abs to the blots was probed 
using goat anti-mouse Ab linked to horseradish peroxidase, as de- 
scribed above. The identity of the recombinant fragments of the 
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receptors wis confimed by determination of the molecular lize 
of the IPTG-induced protein in the bacterial extracts by SDS -PAGE, 
and by interaction of the Western blot with polyclonal antiserum 
against soluble p75-R. 

Involvement of the cysteine residues within epitope E in its rec- 
ognition by Abs was explored in two ways: fini, by determining 
whether the Abs interact with a recombinant protein corresponding 
to amino acids 3-181 of p75-R, where cysteine 179 was replaced 
by alanine. This protein (3-181 C A) was produced and exam- 
ined as described above, except that the antisense primer for PGR 
amplification contained the mutation (5' CTC GGA TCC TCA 
CGT GGA CGT [GGC] GAG TGC ATC CAT 3'). Second, the 
effect of alkylation of cysteine residues was assessed before and after 
reduction. A recombinant fusion protein, consisting of MBP fused 
to amino acids 125-192 of p75-R, was purified by adsorption on 
an amylose column and alkylated with iodoacetamide (75 mM for 
1 h) before or after treatment with 100 mM dithiothreitol. It was 
then subjected to Western blotting as described above. 

The mapping of the epitope was further confirmed by assessing 
the interaction of Abs against epitope E with syntheric peptides 
produced by t-Boc chemistry on a peptide synthesizer (model 430 
A; Applied Biosystems, Foster City, CA). ELISA plates were coated 
with a fusion protein consisting of MBP fused to amino acids 
125-192 in p75-R, produced as described above, and purified by 
adsorption on amylose. The protein, at a concentration of 1 iig/m\ 
in PKS/0.02% sodium azide, was applied to the plates for 2 h. 
After fiirther incubarion of the plates for 2 h with a solurion con- 
taining PBS, 0.5% BSA, and 0.02% sodium azide (blocking solu- 
tion), an Ab against epitope E was applied for 2 h to the plates 
at a concentration of 1 with or without one of the syn- 

thetic peptides. The amounts of Ab bound to the protein-coated 
plate were determined by the use of goat anti-mouse Ig Ab con- 
jugated to horseradish peroxidase and ABTS, as described above. 

Results 

Abs against />75-TNF-R Girt Trigger Signaling for a Cyt<h 
cidal Effect HcLa cells predominantly express p55-R and are 



killed by agonistic Abs against this recept r species, but n t 
by Abs against p75-R (Fig. 1 A). To examine the involve- 
ment of p75-R in the cytocidal function of TNF, we trans- 
fcctcd HcLa cells with p75-R cDNA and isolated d nes of 
cells expressing large am unts of the rcccpt r(HcLap75WT, 
Fig. 1 Q, In these cells, Abs against p75-R triggered a mild 
cytocidal effect. Moreover, they potentiated the cytocidal ac- 
tivity of simultaneously applied Abs against p55-R (Fig. 1 
B). The intensity of these eftcts varied among different trans- 
fiected clones, roughly in proportion to their p75-R levels. 

To investigate the mechanism whereby anti p75-R Abs exert 
their own cytocidal eficct, we compared the ability of var- 
ious individual Abs, or Ab combinations, to trigger such an 
effect. We empl<^ 23 different mAbs raised against the 
soluble form of p75-R and antiserum raised against the spacer 
region in the receptor (a region not iiKluded in the soluble 
form of the receptor, extending between the cysteine-rich 
module in the extracellular domain and the transmembrane 
domain). Cross-competition analysis of their binding to soluble 
p75-R showed that the mAbs bind to five epitopes, denoted 
A to E. Table 1 presents a summary of the observed efifects 
of the different Abs on HeLa p75WT cells, as well as on 
the other cells used in this study. 

As shown in Fig. 2 ^ , Abs against p75-R were most effec- 
tive when applied in combinations that bind to different epi- 
topes. This increased efficacy was observed both when the 
anti p75-R Ab combinations were applied alone to HeLa 
p75 WT cells and when applied in the presence of Abs against 
p55-R. Indeed, when applied alone, the anti p75-R Abs 
showed significant cytocidal activit}' only in such combina- 
tions, Abs against p55-R greatly potentiated the cytocidal 
effert of the anti p75-R Abs and in their presence the in- 
dividual Abs and the combinations of Abs that bind to the 
same epitope also had some eflea. The magnitude of the effect 
varied, depending on the epitope to which the Abs bound; 
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Figure I. Additivt cytocidal effects ot p75-R 
and p55-R in HeLa cells tramfected with p75-R. 
Comparison of the cytocidal effects of anti TNF-R 
Abs in (A) normal HeLa cells (expreiting about 
500 p75-R$ per cell) and (B) a clone of HeU cells 
transfiected with an expression vector conuining 
p75-R cDNA (HeU p75WT cells) and thercfwe 
expressing increased amounts of the receptor (about 
72,000 p75-Rs per cell). The cytocidal effects of 
Abs against p55-R (O. mixture of Abs 18 and 20, 
whirh rfvojniT^ H«rif»rt wtnn^ [??]), pf Ab* 
against p75*R (A, mixture of Abs 13, 36, and 41. 
which recognize distinct epitopes), and of their 
combination (■), applied at the indicated concen- 
trations, were assessed as described in Materials and 
Methods. (C) Flow cytometric analysis of expres- 
sion of p55 {left) and p75 {right) TNF-R in the 
normal and transfected HeLa cells examined in A 
and B. Cells were incubated consecutively with 
mAbs against p55-R (number 20) or p75-R 
(mimber 14), or with isotype-matched control anti- 
IL^ Abs {hackgnmnJ), all at a concentration of 20 
ftg/ml, and then with FITC -conjugated goat 
anti-mouse Ig Ab (see Materials and Methods for 
deuils). 
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it was lowest, indeed barely detectable, with the Abs against 
epitope E and against the spacer region (Fig. 2, A and Q. 

Combinations of Abs that bind to different epitopes can 
cause extensive aggregation of the antigen molecules to which 
they bind, whereas Abs that bind to a single epitope are 
capable, at most, of linking the antigen molecules in couples. 
The greater cytocidal activity of combinations of Abs that 
bind to different epitopes in p75-R suggests that the receptors 
are triggered as a consequence of their cross-linking. This 
notion gained further support when we examined the cyto- 
cidal activity of Fab monovalent fragments of an Ab against 
epitope A. In contrast to the intact Ab, its Fab fragments 
were without cytocidal effect, even when applied in the pres- 
ence of Abs against p55-R (Fig. 2 B). These Fab fragments 
did however have a cytocidal effect when cross-linked with 
anti-Ig Abs. Moreover, anti-Ig Abs enhanced the cytocidal 
activity of the intact Ab m leculcs (Fig. 2 B). Also, cross- 



linking of the Abs against epitope E or the spacer region, 
which by themselves had almost no cytocidal effixts, resulted 
in some cytotoxicity (Fig. 2 C). 

Signaling hy plS-R Appears to Interact unth Signaling hy 
p55-R. The more than additive effect of Abs a^ainn the 
two TNF-Rs suggests that, even though th^ initiate the 
same effect, they do so by different signaling mechanisms. 
To explore further the relationship between the mechanisms 
of cytotoxicity induction by the two receptors, we examined 
whether triggering of one of them can cross-desensitize the 
cells to the effect of the other. The cytocidal effiect of Abs 
against p55-R was previously shown to be subject to homol- 
ogous desensitization (33). As shown in Kg. 3. HeLa p75 WT 
cells pretrcated with anti p55-R Abs b the absence of a pro- 
tein synthesis blocker (which in these cells is needed t elicit 
TNF cytotoxicity) showed ahnost no cytocidal effect following 
a second exposure to these Abs in the presence f a protein 
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Figure 2. Cytocidal effcctJ of Ab$ against p75-R in HeU cells expressing wild-type p75-R reflect cross-linking of the receptors. {A) Cytocidal 
effects of individual Abs, combinations of Abs that bind to the Mme epitope, and combinations of Ab$ that bind to different epitopes in the absc.ice 
{Uft) and presence {riaht) of Abs against p55-R. The cytocidal effects of the various anti-p75-R mAbs were assessed in HeLa p75WT cells, in the 
absence or presence of Abs against p55-R (numbers 18 and 20, both applied at a concentration of 1 ng/m\). Anti p75-R Abs were applied, each at 
a concentration of 2 n$/ml individually {Sinj^kAhi epitope number 14; epitope B, 41; epitope C. 36; epitope D, 67; epitope £. 32), in combinations 
of several Abs that bind to the same epitope {Stvemt against the same epitope: epitope A, 14, 20, and 22; epitope B, 41, 47. and 82; raitope C, 36 
and 62; epitope D. 67 and 81; and epitope H, 32, 57, and 70) or in combinations of Abs that bind to different epitopes {Several against different epitopes: 
-1 fB I C. 11, il, sr.d 3£; ; 5 : !?, 11, 1!. inJ C7. .1 ; C : It, :C, And £?; C i D, 36 zud 67; C ) I? i £, 35, £7, and 32). {B) Cyxoddil effect: 
on HMji *p7SWT rr\U of jin Ab ?gain?t epitope A in p75-R (□, number 19) and of its Fab monovalent fiigiacnts (O), and their efferts on these 
cells after their further aoss-linking by goat anti-mouse Fab Abs (GaM, ■; see Materials and Methods). The cytocidal effects were assessed in 
the presence of Abs against p55-R (rabbit polyclonal serum against the soluble form of the receptor (2), applied at a dilution of 1:500). (C) Cytocidal 
effects on HeU p75WT cells of an Ab against epitope E in p75-R (A, number 32) and of antiserum against the spacer region in this receptor (0). 
and effects on these cells after further cross-linking of the Abs with anti-Ig Abs (A, ♦, goat anti-mouse Fab and goat anti-rabbit Ig Abs [GaM 
and CaR], respectively). The cytocidal effect of the mAb against epitope E was assessed in the presence of rabbit polyclonal Abs against p55-R (applied 
at a dilution of 1:250). The effect of the antiserum against the spacer region was determined in the presence of mouse mAbs against p55-R (numben 
18 and 20. both applied at concentration of 1 /ig/ml). Dotted boxes in B and C indicate the range of the response observed when only the Abs against 
p55-R were applied. 
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Figure 3. Absence of cross-descnsitiration by the two TNF-Rs to each 
other\ cytoriHal f fffct*. HMji p75WT wtrr {nrinoibjited for 2 h, 
in the absence of CHI» with Ab$ against p55-R (numben 18 and 20. each 
4l a cuiiceultatiuu of 1 ii^tml, aosed symholi) or witliuut anli-p55-R Abs 
{opoi tymhols). The cytocidal effects of anti-p55-R Abs (□. numben 
18 and 20). of anti p75-R Abs (O. numben 13. 36. and 41). and of 
their combination (0 . ♦). at the indicated concentrations, were subse- 
quently assessed in the presence of 25 fig/m\ CHI, as described in Materials 
and Methods. 



synthesis blocker. They were not, however, desensitized to 
the effect of anti p75-R Abs. On the contrary, p75 treatment 
of cells desensitized to the effect of anti p55-R Abs resulted 
in a more than additive cytocidal effect, much greater than 
that induced in HeLa p75 WT cells by Abs against cither of 
the receptors alone (Fig. 3 A). A similar synergy was ob- 
served when cells prctreated with anti p75-R Abs were chal- 
lenged with Abs against p55-R (dau not shown). No dcsen- 
litizstion v.*25 obser.td when cells prs trc ited v.'ith mti-pSS 
Abs were challenged by Abs against both receptors (Fig. 3 B). 

Effects ofAnii'p75-R Abs on the Cytotoxicity ofTNF Point 
to an Additional Mode of Receptor Function. Application of 
anti-p75-R Abs to HeLa p75WT cells in the presence of subop- 
timal TNF concentrations resulted, with most of the Abs, 
in enhancement of TNF cytotoxicity. This enhancement is 
consistent with the observed ability of the Abs to trigger 
a cytocidal effect when applied alone. As in that case, the 
enhancement appeared to be a consequence of receptor cross- 
linking by the Abs: it was most pronounced when the Abs 
were applied in combinations that bind to different epitopes 
(Fig. 4 A). Moreover, enhancement of TNF cytotoxicity was 
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n t observed with Fab monovalent fragments of the Abs, 
but appeared when these fragments were cross-linked with 
anti-Ig (Fig. 4 B). 

Unlike m st f the other Abs, however; the three that bind 
to epitope E did not enhance the cytotoxic aaivity of TNF, 
but rather inhibited it (Fig. 4, A and C). Also, the Abs raised 
against the spacer region had a slight though significant in- 
hibitory effect on TNF function (Fig. 4 Q. These inhibitory 
effects, unhkc the enhancement of TNF cytotoxicity by the 
other Abs, were also observed when monovalent Fab frag- 
ments of the Abs were applied. This suggests the involve- 
ment of mechanism(s) independent of receptor cross-linking 
(Fig, 4 Q. Some inhibition of the cytocidal effect of TNF 
was also observed in the presence of Fab monovalent frag- 
ments of the Abs against epitope D (Fig. 4 C), even though 
in the intact form these Abs enhanced TNF cytotoxicity (Fig. 
4, A and C). 

Whereas they inUbited the cytocidal effect induced by TNF, 
Abs against epitope E and against the spacer region did not 
interfCTCwith the indurtion of a cytocidal effect by Abs against 
p55-R (Fig. 2 Q, nor did they interfere with enhancement 
of the cytocidal effects of anti p55-R Abs or of TNF by other 
anti p75-R Abs. (Compare the effect of the combination of 
Abs that bind to epitopes C, D, and E with that of the com- 
bination of Abs against C and D only, in Figs. 2 A and 4/4.) 

An Additional Mode of p73*R Function Is also Apparent in 
HeLa Celb Transfected unth CytoplasmicaUy Truncated p75-R 
Mutants. To examine the involvement of the intracellular 
domain in the activities of p75-R, we transfected HeLa cells 
with cDNAs encoding cytoplasmically truncated muunts of 
the receptor (HeLa p75CT). In contrast to cells expressing 
large amounts of the wild-type p75-R (HeLa p75 WT), which 
responded normally to the cytocidal cffixts of anti-p55-R Abs 
and of TNF, all clones expressing p75-R mutants (truncated 
below Gin 264 or Gb 273) were relatively resistant to such 
cytotoxicity. Anti-p75-R Abs had no effiect at all when ap- 
plied alone to cells expressing the receptor mutants, nor did 
they enhance the mild cytotoxicity of Abs against p55-R. 
Thus, as with p55-R (29-31), triggering of cytotoxicity by 
p75-R seems to depend on the integrity of the receptor's in- 
tracellular domain. A represenutivc example of the dau is 
presented in the legend to Fig. 4 D. 

Although unable to initiate signaling for the cytocidal effect 
in HeLa p75CT cells, anti-p75-R Abs did affect the extent 
of cell killing by simuluneously applied TNF. Abs against 
0k^i*r>'^t>, v ♦u*.;*. «w«/%«i/^*<«1m*«> inhibited the 

cytocidal effect of TNF, whereas Abs against epitope A en- 
hanced it to a small but significant extent (Fig. 4 D). In con- 
trast to the case where the Abs were applied together with 
TNF to HeLa p75WT cells, this latter enhancement could 
also be observed with Fab monovalent fragments of the Abs 
(Fig. 4 D); it therefore seems to involve not triggering of 
the signaling aaivity of p75-R, but some other mechanism(s), 
possibly related to the ability of the anti-A Abs to displace 
TNF from p75-R (see below). 

Effects ofAntip7S-R Abs in A9 Celb Transfected with the 
Human Receptor Support a 'Nonsignaling" Role of p75 R in TNF 
Function, To determine whether the effects f anti-p75-R 



1 





B 



i 
1 

> 

3 





1 


75 , 






50 




^ AlMlA 


25 




AnHAFab/OaM 


0 







0 0.01 0.1 1 10 100 
Antibody ConMrtratlon (mO^O 




Antibody Concontratlon (>ig/ml) 
' I I 

1/10*1/10 *1/lrf 1/10 
Antlsonim dilution 



0 0.01 ai 1 10 100 
AntnMMly Conotntretlon btgAnI) 



Figvr* 4. Enhancement and in- 
hibition of the cytodda! effect of 
TNF by anti-p75-R Ab$ in HeU 
ccUj expressing wild-type p75-R or 
a cytoplasroicaUy truncated p7S-R. 
{A ) Effects on TNF cytotoxicity of 
individual Abs, combinations of Abs 
that bind to the same epitope, and 
combinations of Abs that bind to 
different epitopes. The cytocidal 
eStcti of the various monoclonal 
anti-p75-R Abs on HeU p75WT 
ceUs wcte assessed in the presence 
of TNF (50 U/ml). The Abs and 
their concentrations are as in Fig. 
2A.{B) Effects of an Ab against 
epitope A (•. number 19) and 
its Fab monovalent fragments (O , 
□), with or without their cross- 
linking by goat anti-mouse Fab Abs 
(GoM)* on cytocidal effect of 
TNF (20 U/ml) in HeU p75WT 
cells. (Q Effects of Abs against epi- 
tope D (▼ , number 67) and E ( 4 . 
number 32), antiserum against the 
spacer region in p75-R (▲) and Fab 
monovalent fragments of these Abs 
(V, 0 . A) on the cytocidal effect 
of TNF (50 U/ml) in HeU p75WT 
cells. (D) Effects of an Ab against 
epitope A (•, number 13) and of 
its Fab monovalent fragments (O) 



and effects of an Ab against epitope E (♦ , number 32) and of its Fab monovalent fragments (0) on the cytocidal effect of TNF (1,000 U/ml) m 
HeU cells expressing cytoplasmically truncated p75-R (HeU p75CT, about 140,000 recepton per ceU). When applied alone to the HeU p75CT cells. 
anti-p75-R Abs (numbers 14, 62, and 82, each at a concentrarion of 20 ng/m\) had no effiect on TNF cytotoxicity, nor did they enhance the cytotoxiaty 
induced by anti-p55-R Abs (numbers 18 and 20. each applied at a concentrarion of 20 MR/ml, which caused killing of 17 ± 3% of the cells in thu 
experiment). Dotted boxes in B-D indicate the range of the response observed when TNF was applied alone to the cells. 



An«E 




Fignrv 5. Ami-p75-R Abs have 
no cytocidal effect in A9 cells ex- 
pressing high levels of p75-R but 
do modulate the cytocidal effect of 
TNF on these ceUs. (A) Uck of a 
cytocidal effect of anri-p75-R Abs 
(A, mixture of Abs 13, 36, and 41) 
on A9 cells expressing large 
amounts of fiill-length p75-R (A9 
p7S WT. about 90.000 receptors per 
cell), in contrast to the marked cy^ 
totoodcity of an antiserum against 
the murine p55-R (O). Anti-p75-R 

toxicity of the anri murine p55-R 
antiserum (■). (B and Q Enhance- 
ment of the <ytocidal effect of TNF 
(1.000 U/ml) by an Ab against epi- 
tope A (•. number 13) and by its 
Fab monr valent fragmentt (O). and 
inhibirion of tn« ciwct by an 

against epitope E (♦ . number 32) and by its Fab monovalent fragments (0) in A9 cells expressing wild-type or cytoplasmically truncated hunrun 
p75-R. (B) A test performed with the same A9 p75WT clone that was tested in i1. (Q A test performed with A9 p75CT (~110,000 receptors per 
cell), AU Against epitope B and. to a lesser extent, Abs against epitope C also enhanced tlic cytocidal effect of TNF in A9 p75WT ot A9 p75CT 
cells wherea* Abs again« epitope D and against the spacer region had inhibitory effects similar to those of the Abs against epitope E. The Abs had 
the same effects when mouse rather than human TNF was used. Dotted boxes in B and C indicate the range of the response observed when TNF 
wa% applied alone to the cells. 
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Abs bsCTved with HcLa cells alio pcruin to other cell*, wc 
examined their effect n mouse A9 cells transfected with 
cDNA for the wild-type human p75-R (A9 p75 WT) or for 
a cytoplasmically truncated mutant f it (A9 p75CT). All 
transfected clones exhibited a significantly reduced cytotoxic 
response to TNF, in correlation with the amounts of the ex- 
pressed receptor, but responded normally to the cytocidal effect 
f Abs against their murine p55-R. UrJike the HeLa p75WT 
cells, A9 p75 WT and A9 p75CT cells did not exhibit a cyto- 
cidal effect when treated with Abs against human p75-R, 
nor did these Abs enhance the cytocidal effect induced in the 
cells by Abs against murine p55-R (Fig. 5 A and dau not 
shown). 

Although unable to initiate signaling for a cytocidal effect 
in A9 p75WT or A9 p75CT cells, anti-p75-R Ah% strongly 
affected the killing of these cells by TNF, These effects resem- 
bled those observed in HeLa p75CT cells. Abs or Fab monova- 
lent fragments that bind to epitopes D or E, or to the spacer 
region, reduced the cytotoxic response of the cells to TNF. 
Abs or Fab fragments that bind to epitopes A and B and 
(though to a lesser extent) Abs or Fab fragments that bind 
to epitopes C enhanced the cytocidal cffea of TNF in these 
cells (Fig. 5, B and C and dau not shown). 

Effects ofAnti-p75-R Ahs <m TNF Binding to p75 R, Abs 
binding to different epitopes in p75-R affected TNF binding 
in quite different ways. The pattern of these effects was al- 
most opposite to that of their effects on TNF function (Fig. 
6). Abs that bind to epitopes A, B, or C, which enhanced 
TNF function in HeLa p75WT cells, were found to inhibit 
TNF Kinrlinj* Th\% inhibitory ^ffrct W3? greater with the 
Abs that bind to epitopes A or B than to C. However, Abs 
against epitopes D or E or the spacer region, all of which 
inhibited TNF function, did not inhibit its binding. In &ct, 
cells exposed to Abs against epitope E exhibited some in- 
crease in TNF binding (Fig. 6 A). Moreover, aicaiuicmeut 
of the dissociation of TNF from p75-R, which occurs rather 
rapidly (38), m*ealed that Abs against epitopes D or E and, 
to a lesser extent, Abs against the spacer region inhibit the 
dissociation of TNF from the receptor. Fab monovalent frag- 
ments of the Abs against epitope E had a similar inhibitory 
effect (Fig. 6 B). 

Effects of TNF on Binding of Anti p75-R Ahs to Epitopes D 
and E and to the Spacer Region. As shown above, Abs against 
epitopes D or E or the spacer region affected TNF binding 
and function even when in their monovalent form. This sug- 
gests that their effects are related to the conformation of the 

tion. The fact that these Abs affect TNF binding and func- 
tion even though the site at which they bind to p75-R seems 
remote from the one at which TNF binding ukes place sug- 
gested that the conformation of the receptor at the Ab binding 
site is affected by TNF. To test these notions, ^^-e compared 
the ability of different Abs against the receptor to bind to 
it before and after TNF binding. Three kinds of tests were 
employed (w MatrriaU and Method^). In the first, the ac- 
tual binding of the Abs to HcLa p75 WT cells was quantified 
by flow cytometry. No difference between TNF-treated and 
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Figun 6, Inhibition or enhancement ofTNFHiKiing to p75-R by the 
varioui anti-p75-R Abi. {A) Effects of the various anti-p75-R Ab« on TNF 
binding. The effcctt of Abs against epitope A (■. number M), B (□. 
-41), C (•. -36) D (▼. -67) and E -32) and of Abs against 
the spacer region (▲) on the binding of radiolabded TNF to HeLa p75WT 
cells were assessed as described in Materials and Methods. AD Abs binding 
lo the saine epiiupc aflctteJ TNF biikUug simiLily (dau not sLowu). (C) 
Kinetics of the dissocution of radiolabeled TNF from HeU p75WT cells 
in the absence of Abs (O) and in the presence of an Ab against epitope 
D (▼, number 67) or E (♦ , -70) or its Fab monovalent fragments (0 . 
all applied at a concentration of 10 ng/m\) or of Abs against the spacer 
region at a dilution of 1:20). 



untreated cells was observed (dau not shown). The other 
two tests probed the efficacy of Ab binding to p75-R by wb- 
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In one, binding efficacy was cvaliuted by assessing the recovery 
of the receptor immunoprccipiuted from detergent extracts 
of HeLa p75 WT cdk In the other, the amounts of Abs bound 
to the receptor were quantified by a cell-ELISA procedure 
In the latter two tests, TNF was found to enhance the 
binding to the receptor of Abs against epitopes E or D or 
the spacer region, but not that of Abs against the other epi- 
topes TNF treatmetit incrovd the rffir»cy with which thew 
Abs and their Fab m novalent fragments could immun pre- 
cipiute p75-R from detergent extracts f the cells. No such 
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effect was observed with Abs against epitopes A, B, or C 
(Fig. 7 and data not shown). TNF treatment adso significantly 
increased the efhcacy with which Abs against epitopes E or 
D or against the spacer region, but not Abs against A, B, 
or C, bound to (glutaraldehyde-fixed) cells in a cell-ELISA 
test where cells were rinsed with a detergent solution (Fig. 

8 and data not shown). These effects were specific for TNF. 
They were observed with both TNF»a and TNF-)3 (lym- 
photoxin), but not after treatment with IL-la, which in many 
respects functions similarly to TNF, or with IFN-7, shown 
to enhance TNF-R expression in HcLa cells (52). In a ki- 
netic study, the}' could be discerned as early as 1 min after 
TNF was applied to the cells and reached a maximum within 
5 min (dau not shown). 

Mapping of Epitope £ The three Abs against epitope E (but 
none of the 20 other mAbs against p75-R) recognized p75-R 
in Western blot analysis, even when the receptor molecules 
were analyzed after their complete denaturation and reduc- 
tion. Tliis enabled u> to map epitope £ by Western blot anal- 
ysis of the binding of the Abs to various bacterially expressed 
deletion mutants of the extracellular domain of p75-R (Fig. 

9 B). We found (Fig. 9 A) that NH2-tenninal truncation of 
the receptor to Cys 163 and COOH-terminal truncation to 
Thr 179 did not affect recognition by the three Abs. How- 
ever, all further truncations prevented recognition, suggesting 
that epitope E corresponds to the part of the protein that 
extends between the residues Cys 163 and Thr 179. Interac- 
tion of the Abs with a synthetic peptide consisting of amino 
auu> 163-179 coiiuiiiicu luis i'lciuiucaiiuu (Fi^s* ' Of* 

As with reduction and denaturation, alkylation with io- 
doacetamide did not affect recognition of the receptor fay Abs 
against epitope £ in Western blot analysis. However, recog- 
nition was completely prevented when the receptor was first 
reduced and then immediately alkylated (see Materials and 
Methods; data not shown). Recognition was also prevented 
by mutational replacement of one of the cysteine residues in 
the epitope region by alanine (3-181 C A in Fig. 9 B). 
These findings indicated that the structure to which the Abs 
bind is not the reduced form of the protein, but the cystine 



Fignrt 7. TNF enh^ncct the binding of Abs to 
epitopes D and E and to the spacer region of p7S- 
R: assessment fay inununoprectpiation. Subconflu- 
ent cultures of HeLa p75WT cells were treated 
with TNF (10.000 U/ml) for 10 min. They were 
then incubated for 90 min at 4*C with the fol- 
lowing Abs: an Ab against epitope A (number 13). 
an Ab against epitope E (number 32) or its Fab 
monovalent fragments, an Ab against epitope D 
(number 67) or its Fab monovalent fragments, each 
at a concentration of 10 ftg/nd^ or Abs against the 
spacer region at a dilution of 1:100. Unbouitd Abs 
were washed off and the ceQs were lysed with RJPA 
buffer, followed fay predpiution of the recep tor -Ab 
complexes, SDS-PAGE (10%) and Wntem blot- 
ting, as described in Materials and Methods. 



loop formed between the cysteine residues at positions 163 
and 178, The fact that this protein can be recognized in 
Western blotting after its complete reduction and denatura- 
tion suggests that the primary structure of the protein in 
this region dicutes correct refolding of the denatured receptor, 
as weU as reformation of the cysteine link. 

The mapping of epitope E to the COOH-terminal end 
of the cysteine-rich module points to a correlation between 
the effects of the various Abs against the extracellular do- 
main of p75-R on TNF function and the location of the epi- 
tope to which they bind (lable 1). Abs that bind to the 
membrane proximal part of the extracellular domain — to its 
COOH-terminal cysteine loop and the spacer region— have 
different effects on TNF function and binding firom those 
of most of the Abs chat bind to the membrane-distal part. 
Only the two Abs that bind to epitope D showed a mixed 
type of effect, raising the possibility that this epitope is lo- 
cated at the boundary between the two regions. 

Discntsion 

Involvement of p75-R in the cytocidal effect of TNF was 
explored in this study fay probing the function of this receptor 
with Abs that bind to different regions in its extracellular 
domain. The results (summarized in Table 1) indicated that 
p75-R contributes to the cytocidal effect by at least two kinds 
of activities: its own signaling activity and control of the 
access of TNF to p55-R. 

cells manipulated to express large amounts of wild-type p75-R 
indicated that p75-R plays a role in signaling for the cyto- 
cidal effca of TNF. Anii-p75-R Abs were cytotoxic to these 
cells even in the absence of TNF or anti-p55-R Abs, and en- 
hanced the cytocidal effect of anti-pSS-R Abs. These effects 
of the anti-p75-R Abs were correlated with their ability t 
cross-link the receptor molecules, suggesting that the sig- 
naling occurs as a consequence f receptor aggregation. T 
some extent, these effects were als dependent on the site 
to which the Abs bind within the recept r. Abs against epi- 
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after washing of unbound Abs with RJPA buffer, was assessed as described 
in Materials and Methods. Similar results were obuined when the binding 
of Ab number 32 or of its Fab fragments was quantified by applying radio- 
labeled preparations of these Abs to the cells. 



topc$ A, B. C. and D, at the membrane-distal part f the 
tecejrtor's octraccllular domain* had stronger effects than those 
that bind t epitope E or to the spacer region (Rg. 2). How- 
ever, the epitope E and anti-spacer Abs showed increased cy- 
totoxicity when their ability to cross-link the receptor mole- 
cules was enhanced by their cross-linking with anti-Ig Abs. 
The partial site dependence of their effects may reflect differ- 
ences in the ability of the Abs to impose an orienution n 
the receptor molecules resembling that attained when TNF 
binds to them. Abs that bind to epitopes A, B. C, and D 
may be better able to bring about this orienution. possibly 
because their binding sites to the receptor are close to the 
region at which TNF binds (as reflected in the abUity of the 
Abs that bind to epitopes A. B, and C to interfere with TNF 
binding. Fig. 6 A), 

Similar to the signaling activity of p75-R. signaling for 
the (ytoddal effect by p55-R is triggered upon receptor aggre- 
gation (33). Yet. in spite of this similarity in mode of trig- 
gering of the receptors, and the apparent identity of their 
impact on the cell, it seems that the mechanisms of signaling 
for cell death by the two receptors differ; at least at their ini- 
tial step. This difference was evident from the way in which 
stimulation of each receptor affected the aaivity of the other. 
HeLa cells prestimulated with Abs against p55-R became al- 
most completely unresponsive to the cytocidal effert of these 
Abs (33. and the present study), yet showed a response greater 
than the additive effect of the two rccepton when subsequently 
stimulated with Abs against p75-R. It thus seems that the 
signals provided by p75-R are able to reverse the desensitiza- 
tion of pS5-R or perhaps to uncowtr preformed p55-R-medi- 
atcd signals in the desensitized cells and act in concert with 
them. The possible occurrence of receptor-specific desensiti- 
zation is consistent with a prior study which indicated that 
desensitization of cells to TNF cytotoxicity (51, 55, 56) in- 
voK'cs. in addition to activities that antogonize the cytocidal 
effect itself (57-59), activities that inhibit signaling-related 
mfchant^m? (60). 

Although capable of triggering a cytocidal effect in HeLa 
cells, the anti-p75-R Abs were unable to do so in A9 cells, 
irrespective of whether the transfected human p75-R that 
thty oqnessed was of full-length or cytoplasmically truncated. 
The nature of this difference between the A9 and the HeLa 
cells is not clear. It is unlikely to reflect a species specificity 
barrier, as human p75-R does have the ability to trigger TNF 
effiects in mouse cells (37). Moreover, a recent study (38) 
demonstrated that Abs against endogenous mouse p75-R 
cannot trigger a cytocidal cffifct in cells of the mouse L929 
line, which are closely related to the A9 cells. IVrhaps the 
difference is related to the way in which TNF cytotoxicity 
is regulated in the two cell lines. In L929 and A9 cells, unlike 
in HeLa cells, preexposure to TNF or to Abs against p55-R 
does not result in desensitization (55, and dau not shown). 
It thus appears that the desensitization mechanisms which 
restrict the signaling for cell death in HeLa cells, and which 
seem t be reversed upon triggering of p75-R, do not operate 
in A9 cells. 

Effects f the anti p75-R Abs n TNF ct toxicity were 
correlated nly in part with their own ability to trigger cyto- 
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Figure 9, Mapping of epitope E. (A) Schematic reptejcnution of the 
bacterial constnias used (or mapping. Recombinant peptides contsponding 
to parts of the extracellular domain of p75-R were expressed in Escherichia 
coU, Constructs differing in their COOH termini were obtained by use 
of the pET8c vector, whereas products differing in their NH2-termini 
were obuincd as fusion proteins with the maltose binding protein (MBP 
constructs) by use of the pMalcRI wtor. Recognition of these contructs 
by Abs against epitope E was assessed by Westcr.i blot analysis, as de- 
scribed in Materials and Methods and exemplified in B below. Constructs 
thai reacted with the Abs are denoted in bold letten. The three mAbs 
against epitope E exhibited identical reaction patterns with the constructs. 
The sequence of amino acid residues in the extracellular domain of p75-R 
is shown in part. Residues found to be within the region of epitope E 
are denoted in bold letters. The two cysteine residues in it arc underlined. 
(TAf) Transmembrane domain. (B) An example of the Western blot used 
to map epitope E. After I FTC induction, samples (0.1 ml) of bacterial 
cultures expressing the indicated products were lysed in SDS-PAGE sample 
buffer and analyzed by SDS-PAGE (12% acrylamide). Western blotting 
was performed with mAb number 32 and goat anti-mouse Igs linked to 
horseradish peroxidase in the first and second steps of probing, respec- 
ti'Tiy, as described in Materials and Methods. The urine-derived soluble 
form of p75-R (TBP, 0.36 fig (21) served as a positive control. {Anow^ 



cidal activity, al ne or in the presence of anti-p55-R Ah% (sec 
Table 1). The partial nature t these correlati ns suggests that 
p75-R contributes t the cytoddal (uncti nofTNFnot nly 
by its signaling activity, but also in an ther manner. The 
difiinences between the signaling effects of the Abs al ne and 
their overall effects on TNF cytotoxicity were particularly 
nouble in the transfected A9 cells and in HeLa cells oqnessing 
cytoplasmically truncated p75-R. Even though in these cells 
the Abs themselves did not trigger signaling, they had a 
significant effect on the killing of the cells by TNF. This was 
true also when the Abs were applied as Fab monovalent frag- 
ments (Table 1), bdicating that this Ab-induced modulation, 
unlike triggering of the signaling activity of p75-R, does not 
involve cross-linking of p75-R. Two ways of modulation, de- 
pending on the site of Ab bmding to the receptor, were ob- 
served. Abs that bind to the membrane-proximal part of the 
extracellular domain of p75-R, ix., to its COOH-tcrminal 
cysteine loop or to the spacer region, inhibited the cytocidal 
effect of TNF. This inhibition was observed in all transfcc- 
tants studied, including the HeLa p75WT cells. Abs that 
bind to epitopes A, B, or C at the membrane-distal part of 
the extracellular domain, and which in HeLa p75WT cells 
triggered signaling for cytotoxicity, enhanced the cytocidal 
effcrt also in cells that could not respond to signaling by p75-R 
(A9 cells and HeLa p75CT). In the htter cells, all the above 
Ab effects on TNF <ytotoxidty were also observed when the 
Abs were applied as Fab monovalent fragments (Table 1). 

Several points of evidence indicate that these two ways of 
modulation reflect an ability of p75-R to control the access 
of TNF to p55-R. {a) Because modulation was also obser- 
vated in cells in which p75-R could not signal for cytotox- 
icity, it must reflect the efifect($) of p75-R (specifically, ot 
its extracellular domain) on the gtotoxicity signaled by p55-R. 
(4) The modulation affected only the triggering, not the ac- 
tual mechanism of signaling. Cells whose killing was trig- 
gered by agonistic Abs against p55-R showed no protection 
frnm the killing when treated with Abs that bind to the 
membrane-proxirnal part of the extracellular domain of p75-R, 
nor enhancement of it when treated with Fab monovalent 
fragments of Abs that bind to the distal part of the extracel- 
lular domain, (c) Modulation of TNF function fay the different 
Abs was inversely related to their effect on TNF binding to 
p75-R. Potentiation of TNF activity was observed with those 
Abs that displace TNF from p75-R, and inhibition of TNF 
function was seen with Abs that enhance its binding. 

Two possible mechanisms by which the access of a ligand 

heads) Location of the recombinant peptides that did not react with the 
AK This location was defined both by Coomassie blue suining and by 
\l^tem blot analysis ot the proteins, using rabbit polyclonal Abs against 
the sohibic form of p75-R (2). {Left) Molecular vwight marker*. (Q ELISA 
for the binding of synthetic peptides by an Ab against epitope E. Compar- 
ison for binding to Ab number 32 between peptides whose sequences cor- 
respond to residues 165-180 (O). 163-180 (■), 162-180 (□), or 160-180 
(•) in p75-R and a recombinant protein that contains the sequence of 
epitope E (a fosion protein comprised of MBP linked to a recombinant 
protein corresponding to amino acids 125-192 in p75-R) was assessed as 
described in Materials and Methods. Similar results were obuincd with 
the two other Abs against epitope E. 
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t it$recq>t rcanbccontrollttJby tha, eoexpmsed, ncepton 
were recently proposed. One was presented in a study that, 
like the present ne, concerned the interaai ns of the two 
TNF-Rs (38), and the other in a study of the interactions 
of the two receptors for IL-1 (61). The two proposed mecha- 
nisms have practically opposing consequences. According to 
the first, interactions between the two rccepton can result 
in enhancement of signaling; it was suggested that the p75 
TNF-R is capable of "ligand passing-, i^. of presenting TNF 
to p55-R in such a way that its binding to p55-R is enhanced. 
The second mechanism can account for inhibitory interac- 
tions between two receptors. It was suggested that the type 
II IL-1 receptor serves as a "decoy receptor" which inhibits 
the binding of IL-1 to the type 1 IL-l receptor by its own 
ability to bind IL-1. Whether and to what extent cither of 
these two ways of modulation contributes to the observa- 
tions of the present study is not clear. IVrhaps both arc in- 
volved. 

The enhancement of TNF cytotoxicity by its displacement 
firom p75-R with Abs against epitopes A, B, and C (in those 
transfectants where p75-R cannot signal) indicates that this 
receptor can have an inhibitory effect on the function of p55-R. 
A "ligand passing** mechanism cannot account for this effect 
since it should result not in inhibition but in enhancement 
of signaling. The inhibitory effect can however be explained 
by assuming that p75-R functions as a decoy receptor. At 
the levels attained in the transfected cells of this study, this 
receptor, by binding TNF, m^ have decreased the concen- 
tntion of TNF in the cell culture and thus reduced the acti- 
vation of p55-R, 

On the other hand, the inhibition of TNF cytotoxicity 
by Abs that bind to the membrane-proximal part of the ex- 
tracellular domain of p75-R is unlikely to be due to its func- 
tion as a decoy receptor. Although these Abs decrease the 
dissociation of TNF fiom p75.R, this decrease is rather mild 
and results in only a small enhancement of TNF binding to 
the cells (Hg. 6 A), without any significant decrease in the 
concentration of TNF in the cell growth media (our unpub- 
lished data). Perhaps the Abs, by inhibiting dissociation of 
TNF from p75-R, slow down ligand passing between the 
two receptors (38). 

Even though the action of decoy recepton and the process 
of ligand passing result in opposing efikts, they may well 
co-occur, since they relate to different ways of ligand binding. 
Decoy recepton affect the access of ligands in the cell's milieu. 
The way in which ligand passing occun is not clear, but it 
Jfems plausible that it occur: by tran::cr.t fornisticn of a ter- 
nary complex of the ligand with the two receptors, without 
involvement of the ligand found in the fluid phase com- 
partment. 

The way in which binding of Abs to the membrane- 
proximal part of p75-R, quite remote from the ligand-binding 
site, decreases the rate of TNF dissociation fVom the receptor 
remains to be clarified. The data presented in this paper indi- 
cate that these Abs and TNF have mutually positive cffrcts 
in their binding to the receptor. The am unts of the Abs 



that bound to the membrane-proximal part of the extracel- 
lular d main were the same in cells treated or untreated with 
TNF. However, the increased ability f the Abs to remain 
assodated with the TNF-bound receptor to the presence of 
detergent indicates an increased efficacy of Ab binding. A 
likely explanation for the mutual effects of the Abs and TNF 
in their interaction with the receptor is that the binding of 
Abs to the membrane-proximal part of the extracellular do- 
main and the binding of TNF to the distal part cause similar 
conformational changes in the reoeptoi; and thus enhance each 
other allosterically. Induced conformational changes have also 
been observed in the extracellular domains of a number of 
other recepton as a consequence of their binding to their 
respertive agonists (62-64). Notably, both the structure of 
epitope E (cysteine loop) and iu size (17 residues, significantly 
above the size characteristic of sequence epitopes) would allow 
it sensitively to reflect changes in receptor conformation. 

The findings of this study, although obtained only by ex- 
amining the cytoddal activity of TNF, have general implica- 
tions for our undentandmg of the function of the two TNF- 
Ri. The ability of p75-R to participate doubly in an efct 
signaled by p55-R-both by controlling the access of TNF 
to p55-R and by its own signaling activity- implies that, 
even if the two TNF-Rs can be triggered separately, they 
constitute part of one functional unit. The ways in which 
the expression and function of p75-R are regubted are there- 
fore likely to affect not only those TNF activities that are 
triggered by this particular receptor, but also the intensity 
of the eff'ects of TNF signaled by p55-R, Moreover, phar- 
maceutical agents affecting p75-R m^ have a general impact 
on TNF fiinction. including those activities whose major sig- 
naling receptor is p55-R. Such pharmacological modulation 
is perhaps indicated by the mode of function of Abs that bind 
to the membrane-proximal part of the extracellular domain 
of p75-R. particularly those that bind to its COOH-tcrminal 
Cyiteine loop. Because they are able to inhibit the activation 
of p55-R by TNF. and are unable to trigger the signaling 
activity of p75-R (see Fig. 2), these Abs may be useful as 
inhibiton of TNF function. Rmicularly suitable targets for 
such inhibition are cells of the monocytic and lymphogtic 
lineages, where the predominant receptor is p75-R yet many 
of the TNF effects depend on the signaling activity of p55-R 
(65). Preliminary findings in our laboratory indicate that Abs 
against epitope E can inhibit the effects of TNF in such cells, 
just as in the transfected cells examined in the present study, 
even though TNF binding to them is enhanced. In view of 
the marki^ conscrvatioa of ^Aiious Uiticliu^ fc^iuio iu ilic 
cysteine-rich module that characterizes the NGF/TNF receptor 
family, particularly the location of the cysteine residues, it 
seems pbusible that these structural features have similar fiino- 
tions in the different memben of this tunUy. It would be 
of interest to determine whether the COOH-terminal cys- 
teine loops in the extracellular domains of the various other 
recepton of this family display features similar t those ob- 
served in p75-R and are affected in the same way by Ab 
binding. 
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urement can easily be made. Moreover, when used 
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cell surface marker, a differential analysis of 
cytokine receptors on subpopulations of cells can be 
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Original Contributions -j^^ 

TWO HUMAN TNF RECEPTORS HAVE SIMILAR 
EXTRACELLULAR, BUT DISTINCT 
INTRACELLULAR, DOMAIN SEQUENCES 

Zlatko Dembic,* Hansruedi Loetscher,^ Ueli Gubler,^ 
Yu-Ching E. Pan,^ Hans- Werner Lahm,^ Reiner Gentz,^ 
Manfred Brockhaus,* Werner Lesslauer*'' 



Tumor necrosis factor (TNF) is a cytokine with a wide range of biological activities in 
inflammatory and immunologic responses. These activities are mediated by specific cell surface 
receptors of 55 kDa and 75 kDa apparent molecular masses. A 75-kDa TNF receptor cDNA was 
isolated using partial amino acid sequence information and the polymerase chain reaction (PCR). 
When expressed in COS-1 cells, the cDNA transfers specific TNF-binding properties compara- 
ble to those of the native receptor. The predicted extracellular region contains four domains with 
characteristic cysteine residues highly similar to those of the 55-kDa TNF receptor, the nerve 
growth factor (NGF) receptor, and the CDw40 and OX40 antigens. The consensus sequence of 
the TNF receptor extracellular domains also has similarity to the cysteine-rich sequence motif 
LIM. In marked contrast to the extracellular regions, the intracellular domains of the two TNF 
receptors are entirely unrelated, suggesting difl*erent modes of signaling and function. | 
© 1990 by W.B, Saunders Company, 



Tumor necrosis factor (TNF) is a highly potent 
cytokine. Its wide range of biological activities in inflam- 
matory and immunologic responses have triggered many 
studies of the specific cell surface receptors that mediate 
TNF function. TNF receptors of significantly dif- 
ferent molecular masses in the range of 50 to 140 kDa 
were reported in protein cross-linking studies by various 
investigators; the possibility that more than one receptor 
existed therefore had to be considered. We have identi- 
fied and purified from human cell lines and placenta two 
distinct human TNF receptors of 55 kDa and 75 kDa 
that are simultaneously expressed to different extents by 
various cells.*'"'^^ Both receptors bind TNF-a and 
TNF-/3 with high affinity'^'*^ (also, Schoenfeld and 
Loetscher, unpublished data). A third TNF-binding 
protein of 65 kDa was found by SDS-polyacrylamide gel 
electrophoresis (PAGE) and ligand blotting to copurify 
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with the 75-kDa receptor fraction from HL60 cells. 
Both the 75-kDa and 65-kDa proteins in Western blots 
bind the same monoclonal antibody, utr-1.'* We there- 
fore assume the 65-kDa protein to be a derivative or 
fragment of the 75-kDa receptor and refer to the two 
proteins as the 75-kDa receptor. 

The cDNA cloning of the 55-kDa receptor has been 
reported^'*'^^ the open reading frame of the cDNA 
predicts a receptor protein with extracellular, transmem- 
brane, and intracellular regions. A surprisingly high 
degree of sequence similarity to the nerve growth factor 
(NGF) receptor extracellular region was discovered 
which is most clearly delineated by a repetitive cysteine 
residue pattern. Recently, the cDNA of the 75-kDa 
TNF receptor was identified in a eukaryotic expression 
cloning system.'^ We have independently isolated a 
75-kDa TNF receptor cDNA using peptide sequencing 
and PCR techniques which confirms the sequence re- 
ported for the cDNA isolated by expression cloning.*^ 
When expressed in COS-1 cells, the cDNA transfers 
specific TNF-binding properties comparable to those of 
the native receptor. The predicted extracellular region 
contains four domains with characteristic cysteine resi- 
dues highly similar to that of the 55-kDa TNF receptor 
and to that of the NGF receptor,'^''^ CDw40,'' and 
OX40 antigen^^ extracellular domains. The intracellular 
domains of the two TNF receptors, however, are entirely 
unrelated. We therefore propose that the two TNF 
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receptors may address distinct intracellular signal trans- 
mission pathways. 

RESULTS 

Isolation of the 75-kDa TNF Receptor cDNA 

The 75-kDa and 65-kDa protein bands of the 
75-kDa TNF receptor from a preparative SDS-polyacryl- 
amide gel were blotted onto PVDF membrane and 
subjected to NH,-terminal amino acid sequencing by 
gas phase sequenation as reported elsewhere^'^ Bnefly 
fwo parallel sequences were obtained with the 65-kDa 
band; since one sequence matched the ubiqmUn se- 
quence, the unique sequence could be .dent.fied as 
LPAOVAFTPYAPEPGSTC' Furthermore, the amino 
acid sequences of a total of seven internal peptides 
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prepared by iryptic and proteinase K digests of the 
75-kDa receptor fraction were determined. The four 
peptide sequences used in the isolation of the cDNA 

peptides, i.e. l — r , r 

match the predicted amino acid sequence and thus 
confirm that the cDN A encodes the receptor. To prepare 
a probe for the isolation of cDNA clones a short DNA 
fragment was amplified by polymerase chain reaction 
(PCR) from human genomic DNA with the use fully 
degenerate primer oligonucleotides derived from the 
q412_L «« amino acid sequence (see Fig. 1 and Materi- 
als and Methods). A DNA fragment of the predicted 
size was found to be amplified by PCR. Oligonucleotides 
were synthesised according to the sequence of this DNA 
fragment and used to identify the cDN A shown in Fig. 1 
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predicted .mino .cid sequences of the 75/65-kD. TN* receptor. 

' J n^H hv orotein sequencing are underlined. The amino acid sequence starts at the 

glycosylation sites arc marked by asterisks. 
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Figure 2. Schematic representation of the domain 
structure of the extracellular regions of the two TNF 
receptors and of the NGF receptor. 



The domains are boxed. Cysteine residues are repre- 
sented by vertical lines. The domain boundaries corre- 
spond to amino acid residues of Fig. 1: residues 17 to 
54 (domain I), 55 to 97 (II), 98 to 140 (III), and 141 
to 179 (IV). TNFR-A, 75-kDa TNF receptor; 
TNFR-B, 55-kDa TNF receptor; NGFR, NGF 
receptor'^ L and TM, predicted leader and trans- 
membrane regions, respectively. 

in cDNA libraries prepared from HL60 and placenta. 
This cDNA has an open reading frame that predicts a 
439-amino acid membrane protein with extracellular 
(235 residues), transmembrane (26 residues), and intra- 
cellular (178 residues) regions. Three basic amino acids 
are located in the intracellular region sequence adjacent 
to the putative inner membrane face. 

In the predicted amino acid sequence of the extracel- 
lular region of the 75-kDa TNF receptor four conserved 
domains were discovered which are most clearly delin- 
eated by a repetitive pattern of cysteine residues schemat- 
ically represented in Fig. 2. The first two domains 
contain six cysteine residues in a CX^^^^CXo.2CX2.3CX7. 
9CX7 C pattern which is highly homologous to that of the 
four domains of the previously reported 55-kDa TNF 
receptor extracellular region with the consensus se- 
quence CXio.i5CXo.2CX2CX5.nCX3.8C.'^'^^ In the third 
and fourth domains of the 75-kDa receptor this cysteine 
pattern is less well conserved, but the alignment of the 
total extracellular regions of the two TNF receptors 
scores significantly above the random score with the 
Mutation Data Matrix.^^ This alignment score estab- 
lishes a significant sequence similarity between the 
extracellular domains of the two TNF receptors as well 
as to those of the NGF receptor and the CDw40 and 
OX40 antigens. ^^'^^^ Furthermore, we note that this 
sequence motif has some similarity to the cysteine-rich, 
putative metal-binding motif referred to as LIM.^^ 

In sharp contrast to the high degree of homology 
between the extracellular domains, the intracellular 
regions of the two TNF receptors do not exhibit any 
recognizable sequence similarity. A search of amino 
acid sequence data banks with the 75-kDa receptor 



Cysteine-rich repeats TM 



intracellular domain sequence revealed no significant 
similarity to other known mammalian sequences. 
The intracellular regions of both TNF receptors are rich 
in proline and serine residues (75-kDa receptor: 18% 
Ser, 9% Pro; 55-kDa receptor: 8% Ser, 12% Pro). 
Similar proline/serine-rich structures have been found 
in the intracellular regions of several growth factor 
receptors. ' 

TNF Binding in COS-1 Cell Transfectants 

To confirm that the cDNA presented in Fig. 1 
encodes a TNF-binding cell surface protein, the cDNA 
was recloned in the pLJ268 expression vector^^ and 
transfected into COS-1 cells; transient transfectants 
were analysed for ^^^I-TNF binding. Specific TNF- 
binding properties were conferred to the COS-1 cells by 
the transfected cDNA (Table 1). Expression of the 
75-kDa receptor was confirmed in cell lysates of transfec- 
tants with the specific monoclonal antibody utr-4^^ 
(Table 1). TNF binding was also studied with COS-1 
cell transfectants at various ligand concentrations and 
the binding data were analysed according to Scatchard 
(Fig. 3). The transfected cells were found to express a 
TNF-binding protein characterized by a of about 0.1 
nM, which is clearly distinct from the endogenous 
lower-affinity TNF receptor of COS-1 cells. An analy- 
sis of the COS-1 cell transfectants in the fluorescence 
microscope after staining with the 75-kDa TNF recep- 
tor-specific monoclonal antibody utr-1 revealed that 
only a very small percentage of the cells expressed 
receptor. The cause of the apparently low transfection 
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TABLE 1. TNF binding and expression of TNF receptor protein in COS-1 cell transfectants 



Transfcclant 


cpm/dish* 


Specific cell surface 
bound TNF-a 

cpm/10* cells 


Relative 
expression of 
75/65-kDa versus 55-kDa 
receptor in cell lysatet 


Specific DNA COS-1 cell transfcclant 
Control DNA COS-1 cell transfcclant 1§ 
Control DNA Cos-1 cell transfcclant 2§ 


5,170 
1,230 
1,010 


890 
210 
185 


1.39 
0.05 
0.15 



♦All values arc the average of two independent experiments. 

tThe quotient of specific 75-kDa and 55-kDa receptor '"l-TNFa binding measured in sandwich assays (see Materials and Methods). 

§Controls I and 2 refer to parallel transfectants in which constructs in which the cDN A was ligated into the expression vector m a false reading frame 
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Figure 3. *"I-TNF-« binding to transient COS-1 cell transfectants. 

(A) Specific binding at various TNF-a concentrations. Measurements at higher concentrations confirmed 
saturation of TNF binding (data not included in figure). (B) Plot of the binding data according to Scatchard. The 
mean and standard deviations of triplicate experiments are given. The assays with transfected and control cells 
contained 2.2 x 10^ and 4.3 x 10^ cells/assay, respectively. □, 75-kDa TNF receptor transfectants; 
non-transfected control cells. The K^'s of transfected and control cells from Scatchard analysis are about 0.1 and 0.2 
nM, respectively. 



yield remains unknown, but it explains the low receptor 
copy number in the pool of transiently transfected cells. 

TNF Receptor Expression in Cell Lines 

The expression of the TNF receptors was studied in 
human cell lines by Northern analyses (Fig. 4). Previous 
flow cytometric analyses of cells stained with receptor- 
specific monoclonal antibodies had shown that HEp2 
cells stain for the 55-kDa receptor only, while HL60 
cells stain for both the 55-kDa and 75-kDa receptors. 
In agreement with previous reports, Raji cells were 
found to be devoid of TNF receptors.^ ''^^ These findings 
were supported by the Northern blot analyses shown in 
Fig. 4. We note, however, that the lack of 75-kDa TNF 
receptor expression appears not to be a stable property 
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of Raji cells, since other investigators detect 75-kDa 
TNF receptor mRNA in these cells. From preliminary 
studies of 55-kDa and 75-kDa TNF receptor expression 
HL60 cells appear to be more representative of the 
average human cell than HEp2 or Raji cells, because 
many cells were found to express both TNF receptors 
simultaneously, albeit to very different extents. 

Expression of Each TNF Receptor is 
Independently Regulated 

To investigate the regulation of the two TNF 
receptors, we have studied their expression in phytohe- 
magglutinin-activated peripheral blood lymphocytes 
(PBL). By cell surface staining with the specific mono- 
clonal antibodies utr-1 (anti-75-kDa receptor) and 
htr-9 (anti-55-kDa receptor),^ ^ we find that the expres- 
sion of the 75-kDa receptor is strongly induced from a 
low resting level, whereas the 55-kDa receptor expres- 
sion remains at a constant and low level after mitogen 
activation (Fig. 5). The inducibility of TNF receptors in 
several cell lines has been previously reported.^^ The 
finding that the induction is restricted to one type of the 
two TNF receptors in stimulated PBL as well as 
analogous findings in cell lines (Hohmann et al., submit- 
ted for publication) indicates that the two TNF recep- 
tors are functionally distinct. 



Figure 4. Northern analysis of TNF receptor expression in Raji (a), 
: HL60 (bX and HEp2 (c) cell lines. 

By cell surface staining with specific monoclonal antibodies, no TNF 
i receptors are detected on Raji cells, low amounts of 55-kDa receptor 

^ (55 rec) are detected on HEp2 cells, and both 55-kDa and 75-kDa 

receptors (75 rec) are detected at relatively higher levels on HL60 
cells. 



DISCUSSION 

Most human cells express two distinct TNF recep- 
tors simultaneously. The molecular cloning of the 55- 
kDa receptor^^'^^ and of the 75-kDa receptor (reference 
16 and this work) now allows a comparison of the 
predicted amino acid sequences of both receptors. The 
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Figure 5. Row cytometric analysis of 75/65-kDa (TNFR-A) and 
55-kDa (TNFR-B) receptor expression on resting (dotted line) and 
activated (solid line) peripheral blood lymphocytes (PBL). 



extracellular regions are found to be highly similar to 
each other and to those of the NGF receptor and the 
CDw40 and OX40 antigens. These cell surface mole- 
cules thus form a novel gene family. The functional 
significance of the similarity to the LIM sequence 
motif^^ remains to be established. 

Two TNF-inhibitory peptides of human serum and 
urine have been described and partial amino acid 
sequences have been reported. ^^'^^ One of these inhibi- 
tors previously has been recognised as a fragment of the 
55-kDa TNF receptor.^'^*^^ We now find that the short 
NHj-terminal sequence of the second inhibitor^° matches 
the V^-P^ peptide sequence of the 75-kDa TNF receptor 
(Fig. 1). The Northern blot analysis of cell lines (Fig. 4) 
reveals a single 75-kDa TNF receptor mRNA species of 
about 4 kb and provides no evidence for a second 
message which might encode this inhibitor; analogous 
conclusions are valid for the other inhibitor.^'* Both of 
these TNF inhibitory peptides therefore are NHj- 
terminally truncated, soluble fragments, presumably of 
the extracellular regions of the two TNF receptors, and 
therefore are most likely the products of posttransla- 
tional processing of the receptor. 

The predicted amino acid sequences of the intracel- 
lular regions of the two TNF receptors are unrelated 
and, furthermore, no similarities to other known mam- 
malian sequences were discovered. It might be con- 
cluded that the different intracellular domains transmit 
distinct signals upon TNF binding to the receptors. 
However, we cannot presently exclude the possibility 
that the intracellular regions have no role in signal 
transduction. A model analogous to that of the interleu- 
kin 6 (IL 6) receptor might be considered, where the 
complex of IL 6 and IL 6 receptor can interact extracel- 
lularly with a non-ligand-binding membrane glycopro- 
tein, thus providing theJL 6 signal;^' both TNF recep- 
tors might then address the same signal transducing 
element. However, in view of the independently regu- 
lated expression documented at least in T-cell activation 



(Fig. 5) it appears more likely that the two TNF 
receptors are functionally distinct. 

MATERIALS AND METHODS 
Cells and Flow Cytometry 

The cell lines HL60 (ATCC CCL 240), HEp2 (ATCC 
CCL 23), Raji (ATCC CCL86) and COS-1 (ATCC CRL 
1650) were grown in RPMI 1640 or Dulbecco's modified 
Eaglets medium supplemented with 10% inactivated horse or 
fetal calf serum. Human PBL from a Ficoll gradient were 
cultured in RPM I 1 640, 1 0% fetal calf serum with or without 2 
mg/mL phytohemagglutinin (Wellcome). Cells were stained 
with biotinylated utr-l (anti-75-kDa receptor) or htr-9 (anti- 
55-kDa receptor) antibodies followed by streptavidin-phyco- 
erythrin and analysed on a FACScan flowcytometer. 

Reagents 

Recombinant human TNF-a purified from Escherichia 
coll was a gift from W. Hunziker, E. Hochuli, and B. Wipf 
(Hoffmann-LaRoche LTD, Basel). TNF-a was radioiodinated 
with Na'^^I (IMS30, Amersham) and lodo-Gen (Pierce) to 
0.3 X lO^-l.O X 10^ cpm/Mg as described. 

cDNA Cloning and Northern Analysis 

The 75-kDa and 65-kDa TNF receptors were purified 
from HL60 cells, and tryptic digests and gas phase sequencing 
were performed as reported elsewhere.'^ A DNA fragment was 
prepared from the peptide sequence Q"^— L by PCR on 
human genomic DNA using 2 low-stringency annealing cycles 
(95°C 7 min / to 37°C in 2 min / 37°C 1 min / to 72*'C in 2.5 
min / 72°C 1 .5 min / to 95°C in 1 min / 95<>C 1 min / to 37°C 
in 2 min) followed by 38 standard cycles (95°C 1 min / 55^C 2 
min / 72°C 2 min); the forward and reverse PCR primers were 
ctcgaattcCARCTNGARACNCC and ctcgaattcNARNG- 
GYTTYTCYTC, respectively. The DNA band of predicted 
size from a polyacrylamide gel of the PCR product was 
recloned, sequenced, and found to encode the Q"^— L 
peptide. A 48-mer oligonucleotide derived from this DNA was 
used as a probe to screen cDNA libraries. Several overlapping 
clones were identified in a human placenta cDNA library in 
Xgtl I (Clontech) and in a HL60 cDNA Hbrary in Xgtl 1 that 
was prepared with the use of cDN A synthesis and cloning kits 
(Amersham). All recloning and nucleotide sequencing was by 
standard protocols." For Northern analysis, 12 ^g aliquots of 
Raji-, HL60-, or HEp2-cell total RNA were electrophoresed 
through an agarose gel containing formaldehyde. RNA was 
transferred to a Zeta Probe (BioRad) filter, and hybridized to 
actin, 55-kDa receptor (full length), and 75-kDa receptor 
(170-bp 5'- fragment) cDNA probes as indicated. 

Expression and TNF Binding in COS Cell 
Transfectants 

The cDNA shown in Fig. I, truncated at the 3'-end was 
cloned into a pLJ268 vector (gift of B. Cullen^^) containing the 
IL 2 receptor signal sequence under the control of the RSV 
long terminal repeat promoter and polyadenylation signals 
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derived from the rat preproinsulin II genomic gene. DNA was 
transiently transfected into COS-1 cells with DEAE dextran 
following standard protocols." Specific '^*I-TNF-a binding on 
Iransfectants was measured in the absence and presence of 
excess unlabeled TNF-a after 3 days in culture as previously 
reported'* and Scatchard analysis was carried out. Briefly, 
COS- 1 cells were detached with EDTA (GIBCO), washed and 
incubated with '^^I-TNF-a for 2 hr at 4°C; cell-bound and free 
radioactivity was then counted. Aliquots of transfected cells 
were lysed by 1.0% Triton X-100. The expression of the 
75-kDa TNF receptor and of the **55-kDa-type" endogenous 
COS-1 cell receptor was measured in transfectant cell lysates 
in a solid phase sandwich assay using the 75-kDa and 55-kDa 
receptor-specific monoclonal antibodies utr-4 and htr-20, 
respectively, and with '"l-TNF-a in the absence and presence 
of unlabeled TNF-a. The relative receptor expression in the 
cell lysate in Table 1 is defined as the quotient of specific 
75-kDa and 55-kDa TNF receptor '^M-TNF-a binding mea- 
sured in the two sandwich assays. Controls 1 and 2 refer to 
parallel transfectants in which constructs where the cDNA 
was ligated into the expression vector in a false reading frame 
were used. 
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Summary 

Many diverse activities of tumor necrosis factor (TNF) 
are signaled through TNF receptor 1 (TNFR1 ). We have 
identified a novel 34 kDa protein, designated TRADD, 
that specifically interacts with an intracellular domain 
of TNFR1 Icnown to be essential for mediating pro- 
grammed cell death. Overexpression of TRADD leads 
to two major TNF-induced responses, apoptosis and 
activation of NF-kB. The C-terminal 1 1 8 amino acids of 
TRADD are sufficient to trigger both of these activities 
and lllcewlse sufficient for Interaction with the death 
domain of TNFR1. TRADD-mediated cell death can be 
suppressed by the crm>l gene, which encodes a spe- 
cific Inhibitor of the interteukln-1 p-converting enzyme. 
However, NF-kB actuation by TRADD is not Inhibited 
by crmA expression, demonstrating that the signaling 
pathways for TNF-induced cell death and NF-kB acti- 
vation are distinct. 

Introduction 

Tumor necrosis factor (TNF) is a pleiotropic cytokine 
whose varied biological activities are signaled through two 
distinct cell surface receptors (reviewed by Tartaglia and 
Goeddel. 1992). These receptors, termed TNFR1 and 
TNFR2. are of approximate masses 55 kDa and 75 kOa, 
respectively, and are expressed on most cell types 
(Loetscher et al.. 1990; Schall et aL, 1990; Smith et al., 
1 990). The primary amino acid sequences of the intracellu- 
lar domains bear no detectable similarity, leading to the 
prediction that the two receptors interact with different pro- 
teins and activate distinct signal transduction pathways 
(Lewis et al., 1991). Gene knockout experiments (Pfetfer 
et al.. 1993; Rothe et al.. 1993; Erickson et al., 1994) and 
studies with receptor-specific agonistic antibodies (Engel- 
mann et al.. 1990; Espevik et al.. 1990; Tartaglia et al., 
1991 ; Wong et al., 1992; Gehr et al., 1992) have confirmed 
this prediction and demonstrated that the two TNF recep- 
tors generate largely nonoverlapping signals. The majority 
of the known activities of TNF have been attributed to 
TNFR1. Direct signaling through TNFR2 occurs less ex- 
t nsiv ly and appears to be mainly confined to c lis of the 
immune system. 

The two TNF roc ptorsarem mbers of the growing TNF 
rec ptor superfamily. which includ s the Fas antig n and 
CD40 (reviewed by Smith et al , 1994) The binding to 
these receptors of their respective Itgands indue s rec p- 
tor oiigomerization and is thought to link receptors to down- 
stream signaling pathways (revi wed by Tartaglia and 
Goedd I. 1992; Smith t al., 1994). How ver. direct cou- 



pling to such pathways has not yet been demonstrated. 
A potential breakthrough in this regard was the identifica- 
tion of two related proteins, TRAF1 and TRAF2 (for TNF 
receptor-associated factors 1 and 2, respectively), that 
form a heterodimeric complex and associate with the cyto- 
plasmic domain of TNFR2 (Rothe et al.. 1994). TRAF1 
and TRAF2 share a novel region of homok>gy, the TRAF 
domain A third member of this protein family, designated 
CD40bp or TRAF3, has recently t>een shown to associate 
with the cytoplasmic domain of CD40 (Hu et al., 1994). 
However, the actual contributions of the TRAFs to signal 
transductk)n by TNFR2 and CD40 remain unresolved. 

TNFR1 is responsible for most of the biok)gical proper- 
ties of TNF, including programmed cell death, antiviral 
activity, and activation of the transcription factor NF-kB 
in a wide variety of cell types (Engelmann et al., 1990; 
Espevik et al., 1990; Tartaglia et al., 1991; Wong et al., 
1992; Tartaglia et al., 1993). It also plays an essential role 
in host defense against microorganisms and bacterial 
pathogens (Pfeffer et al.. 1993; Rothe et aL, 1993). Muta- 
genesis studies have identified a soK^alled death domain 
of approximately 80 amino acids near the C-terminus ot 
TNFR1 that is required for signaling antiviral activity and 
cell death (Tartaglia et al., 1993) as well as for NF-kB 
activation (Y.-F. Hu and D. V. G., unpublished data). The 
death domain of TNHR1 also triggers activation of an endo- 
somal acidic sphingomyelinase (Wiegmann et al., 1994). 
A homotogous domain that can also initiate programmed 
cell death is found in the Fas antigen (Itoh and Nagata, 
1993). The apoptosis induced by both TNF and Fas was 
recently shown to involve the activation of the interleukin- 
ip-converting enzyme (ICE) or an ICE-like cysteine prote- 
ase (Tewari and Dixit, 1995). 

The TNFR1 -associated proteins involved in generating 
the various TNF-induced signals remain unknown, although 
coimmunoprecipitatkjn experiments have revealed that 
three phosphoproteins and a serine protein kinase activity 
associate with TNFR1 following TNF treatment (VanArs- 
dale and Ware, 1994). In this report, we describe the mo- 
lecular ctoning of TNFR1 -associated death domain protein 
(TRADD), a novel protein that interacts specifically with 
the death domain of TNFR1. Overexpression of TRADD 
activates two major TNF signaling pathways, apoptosis. 
and NF-kB activation. Furthermore, the ICE inhibitor en- 
coded by the cowpox virus crmA gene protects against 
TRADD-mediated cell death. However, crmA does not pre- 
vent TRADD-induced NF-kB activation, demonstrating 
that the two signaling pathways emanating from TRADD 
are distinct. 

R sutU 

Isolation f cDNA Clon s Encoding 
TNFR1 -Interacting Proteins 

To identity prot ins that directly interact with the intraceUu- 
lar regk>n of human TNFR1 , we used the yeast two-hybrid 
system (Fields and Song, 1989). From approximatefy 50 
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Figure 1 . Predicted Amino Acid Sequence of TRADD 
The amino acid sequence deduced from the sequence of two full- 
length TRADD cDNAs is shown The three clones isolated by two- 
hybrid screening were fused to Gal4ad at the positions indicated by 
H10. B27, and B36 



million transformants, 48 positive clones, as determined 
by activation of his and lacZ reporter genes, were ob- 
tained. Of these clones, 41 encoded portions of the cyto- 
plasmic region of TNFR1 , indicating that the death domain 
(Tartaglia et aL, 1993) of the receptor can setf-associate. 
Similar findings using the yeast two-hybrid system were 
reported recentty (Song et al., 1994; Boldin et al., 1995). 
Three of the remaining seven clones (H10 [219 amino 
acids], B27 [194 amino acids], and B36 [1 18 amino acids]) 
were partial-length cDNAs derived from the same gene. 
We screened human umbilical vein endothelial cell (HU- 
VEC) and HeLa cDNA libraries by using the B27 cDNA 
as probe and obtained four cDNAs of approximately 1 .5 
kb. DNA sequence analysis of these clones revealed an 
open reading frame predicted to encode a protein of 31 2 
amino acids (Figure 1) with a molecular mass of 34.2 kDa 
that we have designated TRADD. Database searches uti- 
lizing BLAST and FASTA programs failed to identify any 
proteins having significant sequence similarity to TRADD. 

Detection of TRADD mRNA and Protein 

Northern blot analysis indicated that low amounts of 
TRADD mRNA were expressed constitutively in all human 
tissues examined (Figure 2A). This result is consistent with 
TRADD involvement in TNFR1 signal transduction, as 
TNFR1 mRNA is also expressed ubiquitously (Loetscher 
et al., 1990: Schall et al . 1990; Lewis et al , 1991) The 
- 1.4 kb size of the TRADD transcript confirms that the 
cDNA clones represent full-length copies of TRADD 
mRNA. 

Polyclonal antibodies against TRADD were generated 
by xpressing a glutathione S-transf ras (GST)-TRADD 
fusion prot in in Escherichia coli and using the purified 
GST-TRADD chimera as immurtogen. Rabbit anti-TRADD 
antiserum sp>ecifically recogniz d two proteins of approxi- 
mately 34 kDa when t sted by W stern blot analysis using 
lysat s pr pared from 293 cells transi ntly transfected 
with a TRADD expr ssion vector (Figur 28). The weak 



TRADD Specifically Interacts with TNFR1 
and Self-Associates 

To confirm that full-length TRADD interacts specifically 
with TNFRl, a protein consisting of the GAL4 activation 
domain fused to full-length TRADD (GAL4ad-TRADD) 
was coexpressed with the GAL4bd-TNF-R1icd fusion 
protein in yeast strain SFY526. The GAL4ad-TRADD chi- 
mera interacted with the GAL4bd-TNF-R1icd fusion pro- 
tein, but not with the GAL4 DNA-binding domain alone 
(Table 1 ) . We also tested the ability of the G AL4ad-TRADD 
fusion protein to interact with receptors that are related 
to TNFRl either in terms of their structure (TNFR2 and 
Fas antigen) or the signals they generate (Fas antigen 
and the type I interleukin-1 receptor [1L-1R1]). GAL4ad- 
TRADD failed to interact with the cytoplasmic domains 
of TNFR2, IL-1R1 , or Fas antigen expressed as GAL4bd 
chimeras (Table 1). 

To examine further the specificity of pe interaction be- 
tween TRADD and TNFRl . the GAL4bd was fused to two 
different C-terminal deletion mutants of TNF-R1 icd as well 
as to the cytoplasmic domain of murine TNFRl . GAL4ad- 
TRADD interacted strongly with an active receptor mutant 
(A41 3-426) lacking 14 amino acids, yet interacted weakly 
with an Inactive mutant (A407-426) lacking 20 amino acids 
(Table 1). These results indicate that amino acids 407- 
412 of TNFRl , which are required for the signaling of cell 
death (Tartaglia et al., 1993), contribute to, but are not 
required for. its TRADD interaction. TRADD also inter- 
acted with mouse TNFRl in this assay system, but more 
weakly than with the homologous human TNFRl. 

We performed in vitro biochemical assays to confirm 
the specific interaction of TNFR1 with TRADD observed 
in the two-hybrid system. GST fusion proteins containing 
the cytoplasmic domains of TNFRl , TNFR2, IL-1 R1 . and 
Fas antigen were tested for interaction with *S-labeled 
TRADD prepared by in vitro transcription and translation 
TRADD associated only with the GST-TNFR1 fusion pro- 
tein (Figure 3A). Furthermore, TRADD did not associate 
with a GST-TNFR1(-20) fusion protein derived from the 
inactive TNFRl A407-426 mutant 

To determine whether TRADD exists as a monomer, we 
prepared a reverse two-hybrid construct in which TRADD 
was fused to the GAL4bd. The results of a yeast cotransfor- 
mation experiment using this construct and the GAL4ad- 
TRADD construct indicated that these two pr<ileins inter- 
act with each other (Table 1), The simplest interpretation 
of this result is that TRADD is an oligom ric protein. 

TRADD-TNFR1 Interaction In Human Cells 

Ext nsive mutational analysis of TNFRl has led to the 
Id ntification of sev ral residu s in its d ath domain that 
are important for signaling c II d ath (Tartaglia et al.. 
1993). To determine wheth r a correlation exists between 
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Figure 2. Identification of TRADD mRNA and 
Protein 

(A) Northern blot analysis of TRADD mRNA in 
multiple human tissues TRADD mRNA is the 
band at - 14-1 5 kb. The weakly hybridizing 
band at - 5 kb is from nonspecific hybridization 
to 28S rRNA 

(B) Western blot analysis of TFIADD protein in 
mock- and pRK-TRADD-transfected 293 cells, 
and in nontransfected ECV304, HepG2. and 
HeLa cells Lysates were prepared from 2 x 
10* 293 cells (lanes 1-2) or 10^ ECV304, 
HepG2, and HeLa cells (lanes 3-5) and pro- 
teins separated by SDS-PAGE on a 10% gel 
Western blotting was performed with rabbit 
anti-TRADD antiserum. Positions of molecular 
weight standards (in kilodaltons) are shown on 
the left. An equivalent Western blot using pre- 
immune serum failed to detect any proteins in 
the 34 kDa range (data not shown). 



the ability of a TNFR1 mutant to deliver a cytotoxic signal 
and to interact with TRADD, we utilized a mammalian cell 
coimmunoprecipitation assay. An expression vector that 
directs the synthesis of TRADD containing an N-terminal 
Myc epitope tag was cotransfected with various TNFRl 
constructs into human embryonic kidney 293 cells. Cell 
xtracts were immunoprecipitated by using polyclonal an- 
tibodies against the extracellular domain of TNFRl, and 
coprecipitating TRADD was detected by Western blotting 
with an anti-Myc monock>nal antibody. As determined by 
this assay. TRADD specifically associates with TNFR1 
(Figure 3B). Five different deletion and point mutants of 
TNFR1 were also examined by this method. The two active 
mutants (A41 3-426 and A21 2-308) were able to coprecip- 
itate TRADD, whereas two of the three inactive mutants 
(A21 2-340 and K343, F345, R347) failed to do so. The 
third inactive mutant (A407-426) coprecipitated TRADD 
w akiy in some experiments (Figure 36) and not at all 
in others (data not shown). Accordingly, it appears that 
r sidues throughout the - 80 amino acid death domain 
of TNFRl are critical for TRADD interaction. 



Overexpression of TRADD Induces Apoptosis 

One of the major activities signaled by TNF through 
TNFR1 is programmed cell death or apoptosis. To investi- 
gate a possible role for TRADD in TNF-mediated 
apoptosis, 293 cells were transiently transf acted with a 
TRADD expression vector and examined by phase con- 
trast microscopy 24 hr later. Those 293 cells that overex- 
pressed TRADD had obvious morphological differences 
from those transfected with a control vector (Figure 4A)- 
The TRADD-expressing celts displayed the typical charac- 
teristics of adherent ceils undergoing apoptosis, becoming 
rounded and condensed (average diameter - 15 ^m) and 
detaching from the dish. Cells transfected with a control 
vector remained flat, with an average length of -40- 
50 ^im. 

One biochemical hallmark of apoptosis is the internu- 
cleosomal fragmentatk)n of nuclear DNA, which results in 
a distinct laddering pattern when analyzed by get electro- 
phoresis (Tomei and Cope, 1991). We examined nuclear 
DNA from 293 cells transfected with either a contol vector 
or with the TRADD expression vector. DNA isolated from 



Table 1 Interactions between TRADD and TNFRl 



DNA-Binding Hyt>rid 


Activation Hybrid 


Cokjny Color 


Relative 

MSalactosidase Activity 


GAL4bd-TRADD 


GAL4ad 


White 


<1 


GAL4bd 


GAL4ad-TRADD 


White 


<1 


GAL4bd-TRADD 


GAL4ad-TRADD 


Blue 


69 


GAL4bd-TNFRl 


GAL4ad-TRADD 


Blue 


47 


GAL4bd-TNFR1(-14) 


GAL4ad-TRADD 


Blue 


76 


GAL4bd-TNFRl(-20) 


GAL4ad-TRADD 


Light blue 


12 


GAL4bd-muTNFRl 


GAL4bd-TRADD 


Light blue 


27 


GAL4bd"ILlRi 


GAL4ad-TRADD 


White 


<1 


GAL4bd-Fas 


GAL4ad-TRADD 


White 


<1 


GAL4bd-TNFR2 


GAL4ad-TRADD 


White 


<1 



Yeast SFY526 cells were cotranslormed with expression vectors encoding various GAL4 DNA-binding domain (GAL4bd) ana GAL4 transcription 
activatton domain (GAL4ad) fusion proteins Each transformation mi)fiure was plated on two synthetic dortrose plates tacking tryptophan and 
leucine Or>6 plate was used to pertorm filter assays tor colony color Colontes on the second plate from each transformation were combined (at 
least 100 colonies per plate) and grown in liquid culture ^-Galactosidase activity was determined on the pooled cokintes by the CPRG assay 
(twabuchi et at.. 1993). 
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Table 2 Cell Death Induced by TRADD Overexpression 



Number of Blue Cells per Welt 



Vector 


HeU 




HepG2 




NIH 3T3 


pRK control 


2110 ± 


195 


214 ± 


16 


606 i: 34 


IHADO 


25 ± 


3 


1 ± 


1 


1 ± 1 


TRADD, crmA 


2083 ± 


61 


66 ± 


20 


625 ± 17 


TRADD, Bcl-2 


1151 ± 


74 


0 ± 


0 


21 ± 3 


TRADD, E1B 


75 ± 


9 


0 ± 


0 


5 ± 2 



The indicated celt lines were transiently cotranstected with pRK- 
TRADD (1 ^g), pCMV-^gal (0.5 \iQ), and 3.5 ^ig of expression vector 
for crwA, Bct-2. or El 8 into the various cell lines (2x10^ cells; well) 
Samples were supplemented with the pRK5 vector control to bring 
total DNA for each transfection to 5 mq. Cells were fixed and stained 
with X-Gal 36 hr after transfection . Data ( ± SEM) are shown as the 
number of blue cells per 35 mm dish for at least three independent 
transfections. 
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Figure 3 Interaction of TRADD with TNFRi 

(A) In vitro interaction of *S-TRADD with the intracellular regions of 
several receptors expressed as GST fusion proteins "S-TRADD was 
iricubated with purified GST fusion proteins and processed as de- 
scribed in Experimental Procedures Positions of nrK>lecular weight 
standards (in kilodanons) are shown. 

(B) In vivo interaction of TRADD with TNFRI mutants. 293 cells (2 x 
1 0*) were transiently transfected with the Myc epitope-tagged TRADD 
expression vector (1 ^g) and the indicated pRK-TNFRl constructs (1 
^g) After 24 hr, extracts were prepared and immunoprecipitated with 
polyclonal antibody to TNFRI. Coprecipitating Myc-TRADD was 
detected by immurtoblot analysis using the anti-Myc fnorK>ck>nal 
antibody. 

TRADD-expressing celts displayed a profile characteristic 
of apoptosis and closely resembled the DNA from untrans- 
fected 293 cells that were treated with TNF (Figure 4B). 

It was recently shown (T ewari and Dixit, 1 995) that TNF- 
induced apoptosis can be inhibited by the ICE-spectfic 
serpin Inhibitor encoded by the cowpox crmA gene (Ray 
et al., 1992). This led us to examine the effects of crmA 



protein and other known inhibitors of apoptosis (Bcl-2 and 
adenovirus 19K E1B proteins) on TRADD-induced cell 
death. The appearance of 293 cells cotransfected with 
expression vectors encoding both TRADD and crmA was 
indistinguishable from cells transfected with a control vec- 
tor alone (Figure 4A). Conversely. coexQression of either 
the Bc/-2 or f 7 S gene product did not 6ounteract the apop- 
totic effect of TRADD expression on 293 cells. Further- 
more, crmA coexpression also blocked the generation of 
TRADD-induced DNA laddering (Figure 4B). These results 
are consistent with the interpretation that TRADD-induced 
apoptosis involves activation of ICE or a related protease. 

To ensure that the induction of apoptosis by TRADD 
was not a peculiarity of 293 cells, we also examined the 
effects of TRADD overexpression on HeLa, HepG2, and 
murine NIH 3T3 cells. In these cases, a ^-galactosidase 
cotransfection assay (Kumar et al., 1994) was used to ex- 
amine cell viability. Ceils were transiently transfected with 
a p-galactosidase expression plasm id and the various ex- 
pression vectors described at>ove. After 36 hr, cells were 
stained with X-Gal and positive blue cells visualized and 




Figure 4 Apoptosis Induced by TRADD Overexpression and Its Inhibition by crmA Expression 

(A) Morphology of 293 cells transiently overexpressing TRADD Cells (2 x 10*) were transiently transfected with the indicated expression vectors 
(1 ug) and analyzed 24 hr later by phase contrast mtcroscopy for stgns of apoptosis Scale bar. 50 urn 

(B) DNA tragmentatton in transfected 293 cells and TNF-treated 293 cells Untransf acted 293 cells (2 x iCf) were treated with 320 nM actmomycrn 
D in the presence o^ absense oi TNF (100 ng/ml) tor 18 hr before preparation of genomic DNA Large-scale transfections of 2 x 10" 293 celis 
were pertormed with the control vector pRK6 (20 \xg), pRK-TRADD (5 ug) plus pRK5 (15 ug); or pRK-TRADD (5 ug) plus pRK-crmA (15 mQ) 
After 24 hr, DNA was isolated and analyzed as de$crit>ed in Expehmental Procedures The positions of the size markers (in base pairs) are shown 
on the right 
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Figure 5. Transcriptton Factor NF-kB is Activated by TRADD Over- 
expression 

(A) EMSA of NF-kB activation in 293 cells 293 cells (10^ were 
transfected with 10 |ig of pRK5 control (lanes 1-6) or pRK-TRADD 
(lanes 7-12) DNA Cells were treated with ICX) ng/ml TNF for 3 hr prior 
to harvest (lanes 4-6). Nuctear extracts were prepared 24 hr after 
transfection and 10 ug aliquots were combined with the ^-labeled 
NF-kB oligoniicleottde probe. Ir>dividual reactions were supptemented 
with a 50-fold excess of cold competitor oligonucleotide containing 
either a wild-type (lanes 2. 5, 8) or mutated (lanes 3. 6. 9) NF-kB 
sequence Reaction mixtures were incubated with 1 ^il of preimmune 
serum (lane 10) anti-pSO serum (lane 1 1). or anti-p65 serum (lane 12) 
tor 10 mm prior to addition of probe 

(B) Effect of TRADD expression on NF-kB activity in 293 cells deter- 
mined by an E-selectin promoter-luciferase gene reporter assay 293 
cells (2x10*) were transfected with 1 ug of pELAM-luc reporter plas- 
mid. 0 5 0' pRSV-Pgal. indicated amounts of pRK-TRADD, and 
enough pRK5 control plasmid to give 2.5 ^g of total DNA Lucif erase 
activities were determined 24 nrs after transfection and normalized 
on the basis of p-galactosidase expression levels Values shown are 
averages tor an expenment in which each transfection was performed 
in duplicate 

(C) NF-kB activation by TRADD overexpression in 293. HepG2. and 
HeLa cells Cells (2 x 10^) were transfected with 4 ug of total DNA 
as follows Each transfection received i ug of pELAM-luc 0 5 ug of 



counted. In all cell lines, a dramatic ( - 100-fold) reduction 
in the number of p-galactosidase-positive cells was ob- 
served for the TRADD vector compared with the control 
vector (Table 2). When crmA and TRADD were coex- 
pressed, the numbers of blue HeLa and NIH 3T3 cells 
were the same as in the vector controls. Coexpression of 
crmA protected about one-third of transfected HepG2 cells 
from TRADD-induced cell death. As was seen in 293 cells, 
neither Bcl-2 nor El B expression exerted a protective ef- 
fect on TRADD-mediated apoptosis in HeLa or NIH 3T3 
cells. Bcl-2 did provide partial protection for HeLa cells 
from the effect of TRADD overexpression (Table 2). 

TRADD Overexpression Activates NF-kB 

Another important activity of TNF signaled by TNFRI is 
activation of the transcription factor NF-kB. To examine 
a possible role for TRADD in this process, we performed 
electrophoretic mobility shift assays (EMSAs) on nuclear 
extracts from transfected 293 cells. TRADD-expressing 
293 cells were found to contain a significant amount of 
activated NF-kB even in the absense of exogenous TNF. 
In contrast, specific NF-kB complexes were detected only 
after TNF treatment in 293 cells transfected with an empty 
expression vector (Figure 5A). Supershift experiments 
performed with antibodies demonstrate that the major 
component of the activated NF-kB complex appears to 
be the p65-p50 heterodimer. 

Dose-response experiments were performed to deter- 
mine whether TRADD expression might lead to activation 
of a NF-KB-dependent reporter gene. An E-selectin-lucif- 
erase reporter construct was cotransfected with increas- 
ing amounts of the TRADD expression vector into 293 
cells. TRADD expression potently activated the reporter 
gene, with maximal lucif erase activity (approximately 400- 
fold induction) occurring at a 0.32 ^g dose of the TRADD 
expression vector (Figure 58). These levels of reporter 
gene induction are greater than the - 20-fokj induction 
observed when 293 cells are treated with TNF alone (data 
not shown). Further increases in TRADD vector resulted 
in diminished levels of reporter activity, probably owing to 
induction of cell death (see below). 

CrmA Does Not Block TRADD-lnduced 
NF-kB Activation 

Since crmA is a potent inhibitor of apoptosis induced by 
either TNF treatment or TRADD expression, we examined 
its effect on NF-kB activation. CrmA expression had little 
or no effect on TRADD-induced NF-kB activation in 293 
cells as determined either by EMSA (data not shown) or 
by the luciferase reporter gene assay (Figure 5C). HeLa 
and HepG2 cells were also examined for NF-kB activation 
following transient transfection with th TRADD expr s- 



pRSV-iigal. and one ol each of the following 2.5 uQ of pRK5 control 
vector (solid blacK bars) 2 ug of pRK-crmA. 0 5 ug of pRK5 (solid 
white bars), 0 5 ug of pRK-TRADD, 2 ug of pRK5 (dark shading) or 
0 5 uQ of pRK-TRADD. 2 uQ of pRK-crmA (hght shading) Cells were 
harvested 24 hr after transfection and luciferase levels determined 
The fold induction in luciferase activity compared with the control pRK5 
transfection is indicated 
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Figure 6 Analysis of TRADD Deletion Mutants 
(A) Apoptosis and activation of NF-kB mediated by TRADD deletion 
mutants. The horizontal bars represent the sequence of TRADD, with 
shaded regions corresponding to intact sequences and dotted regions 
indicating deleted sequences Apoptosis assays were performed 24 
hr after transfection of 293 cells with the indicated Myc-tagged TRADD 
constructs Plus indicates that the majority of cells became condensed, 
rounded, and detached (as rn Figure 4A), while minus indicates that 
no morphological changes were observed. NF-kB activation assays 
were performed following cotransfection of 293 cells with TRADD and 
the NF-kB reporter plasm id pELAM-luc as descrit>ed in Experimental 
Procedures Data are shown as fold increase in lucif erase levels rela- 
tive to levels in 293 cells transfected with the control vector pRK5 
(8) Inleractton of *S-TRADD deletion mutants with GST-TNFRI . The 
various '^S-iat^eled TRADD deletion mutants (equivalent counts per 
minute) were incubated with purified GST or GST-TNFRl tx)und to 
glutathione-Sepharose beads and processed as described in Expert- 
mental Procedures C-termma! flanes 1-6) and N-termmai (tanes 
7-12) deletion mutants were fractionated on 10% and 15% SDS- 
PAGE. respectively, and exposed to X-ray film for 8 hr 

(C) In vitro interaction of *S-TRADD deletion mutants with GST- 
TRADD Experiments were performed as described above but using 
GST-TRADD instead of GST-TNFRl Dried gels were exposed to 
X-ray film tc 5 days 

(D) Alignment of TRADD. TNFRl, and Fas death domains Amino 
acids 222-289 o* TRADD are compared with amino acids 345-412 of 
TNFRl and 232-298 of Fas antigen Boxes indicate identities between 
TRADD and either TNFRl or Fas Asterisks aoove the sequence indi- 
cate the SIX individual residues where mutation to alanine has been 
shown to inactivate TNFRl signaling (T*rtaglia et al.. 1993) 



sion vector alone. In most exp riments, no activation was 
seen in th se c II lin s, a result potentially attributable to 
rapid induction of cell death (see Table 2). To determine 
whether NF-kB could be activated by TRADD if cell death 
were inhibited, these cell lines were cotransfected with 
crmA and TRADD expression vectors. While crmA expres- 
sion alone had no effect, substantial activation of NF-kB 
was observed in the crmA-TRADD cotransfection experi- 
ments (Figure 5C). These results demonstrate an inherent 
ability of TRADD to activate NF-kB, which can be more 
readily observed if the death pathway is blockaded by 
crmA expression. 



Deletion Mutagenesis of TRADD 

The experiments described thus far have identified four 
distinct properties of TRADD: first, interaction with TNFRl ; 
second, self -association; third, induction of apoptosis; and 
fourth, activation of NF-kB. To ascertain whether these 
properties reside in common or distinct domains of 
TRADD, we constructed a series of N- and C-terminal dele- 
tion mutants (Figure 6A). The ability of each mutant to 
induce apoptosis was determined in the 293 transient 
assays described above. A TRADD mutant (A1-194) con- 
taining only 1 1 8 G-terminal amino acids was able to trigger 
cell death, whereas a mutant (A1-204) ten amino acids 
shorter did not. Deleting from the C-terminus, a mutant 
(A301-312) lacking only 12 residues was inactive, but a 
mutant (A306-312) lacking seven amino acids retained 
the ability to induce apoptosis of 293 cells. This analysis 
kx^alized the apoptosis activation function (death domain) 
of TRADD to a 1 1 1 residue region extending from amino 
acid 195 to amino acid 305 (Figure 6A). NF-kB activation 
for each TRADD mutant was determined in the NF-kB 
reporter cotransfection assay. According to this analysis, 
the region of TRADD required for NF-kB activation was 
strictly concordant with that required for apoptosis (Fig- 
ure 6A). 

The '^S-labeled TRADD deletion mutants were assayed 
for association with a GST-TNFRl fusion protein (Figure 
6B). Two mutants (A306-312 and A1-194) bound as well 
as wild-type TRADD to TNFR1 . These same two mutants 
were biologically active, as determined by the apoptosis 
and NF-kB activation assays. TRADD mutants that were 
inactive in these biological assays bound TNFR1 poorly 
or not at alt. 

Similarly, the ability of the TRADD deletion mutants to 
self-oligomertze was assessed by use of a GST-TRADD 
fusion protein and the *S-labeled TRADD mutants (Figure 
6C). The same mutants that interacted with GST-TNFRl 
were able to bind GST-TRADD, although by this assay, 
s If-association was much weaker than int rsction with 
TNFR1 . The one difference obs rved was that the biologi- 
cally inactive A301-312 mutant, which does not interact 
with TNFR1. was still able to self-associat . Th se r suits 
demonstrate that alii amino acid domain (amino acids 
1 95-305) of TRADD is capable of oligom rization, TNFR1 
int raction, stimulation of programmed cell d ath, and NF- 
kB activation 
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Death Domains of TRADD and TNFRl Share 
Saqu nc Similarity 

Database screens failed to identify any proteins bearing 
significant similarity to the primary amino acid sequence 
of TRADD. However, since the 1 11 amino acid death do- 
main of TRADD shares many properties with the -80 
amino acid death domain of TNFRl , these two sequences 
w re directly compared. Alignment of TRADD residues 
196-302 relative to residues 319-425 of TNFRl results 
in 25 identities over 107 amino acids (23%). The most 
obvious sequence similarity was found in the stretch of 
68 amino acids shown in Figure 6D. If a single gap is 
introduced into both sequences, 22 identities (32%) and 
21 conservative changes are found. Whereas the majority 
of th identities are leucines and arginines, three observa- 
tions indicate that the sequence similarity may be function- 
ally significant. First, six amino acids have been identified 
in the death domain of TNFRl that, when mutated to ala- 
nin , abolish signaling (Tartaglia et al. , 1 993). Five of these 
six amino acids, which extend to both ends of the aligned 
s qu nee (Figure 6D), are identical or highly conserved in 
TRADD. Second, the sequence similarity between TRADD 
and TNFRl over this region is roughly the same as that 
between the functionally similar death domains of TNFRl 
and Fas antigen. Third, TRADD and Fas antigen, which 
appear not to interact with each other, share only nine 
identities (13%) over these 68 residues. 



Discussion 

TRADD Activates TNFR1 Signaling Pathways 

Th signal transduction events initiated by ligand binding 
to receptor tyrosine kinases (Schlessinger and Ullrich, 
1992) and hematopoietic cytokine receptors (Kishimoto et 
al., 1994) are now relatively well understood, in contrast, 
little is known at the molecular level about the postreceptor 
signaling mechanisms utilized by the TNF receptor super- 
family. There are now twelve known members of this fam- 
ily, yet unambiguous evidence for direct receptor coupling 
with intracellular proteins exists only for TNFR2 and CD40. 
In th former instance, a heterodimer consisting of the two 
r lated proteins TRAF1 and TRAF2 associates via TRAF2 
with sequences in the TNFR2 cytoplasmic domain that 
are necessary for signal transduction (Rothe et al., 1994). 
In th latter case, another TRAF domain protein. CD40bp 
or TRAF3, is found to associate with CD40 (H u et al. , 1 994). 

Most of the known pleiotropic activities of TNF are a 
cons quenceof TNFR1 activation (Tartaglia and Goeddel, 
1 992). An - 80 amino acid death domain located near the 
C-t rminus of TNFRl is sufficient to initiate signals for 
apoptosis, antiviral activity, and NF-kB activation (Tartag- 
lia et al., 1993, Y.-F Hu and D. V. G., unpubfish d data). 
To id ntify candidate proteins for evaluation as TNFRl - 
associated signaling molecul s. we utilized the yeast two- 
hybrid cloning approach of Fi Ids and Song (1989). Con- 
sistent with the work of others (Song et aJ., 1994; Boldin 

t al., 1995), we found that the cDNAs isolated most fre- 
qu ntlyw re those encoding the death domain of TNFR1. 



We also id ntifi d TRADD, a 34 kDa prot in bearing little 
res mblance to pr viously d scrit>ed prot ins. 

Overexpression of TRADD in a variety of cell lines was 
found to be a potent inducer of programmed cell death, 
mimicking the effect of TNF treatment in the presence of 
actinomycin D. TRADD-mediated apoptosis is effectively 
blocked by coexpression of the cowpox virus crmA gene, 
which encodes a protease inhibitor of the serpin class 
(Pickup et al., 1986). CrmA is a specific inhibitor of ICE 
(Ray et al.. 1992), a cysteine protease involved in lL-ip 
processing (Thornberry et al., 1992) and in some types of 
programmed cell death (Miura et al., 1993; Gagliardini et 
aL, 1994). Significantly. crmA was recently shown to block 
the apoptosis triggered by both TNFRl and Fas antigen 
(Tewari and Dixit, 1995), suggesting ICE involvement in 
these signaling pathways as well. Therefore, it is not sur- 
prising that TRADD-mediated cell death involves ICE, or 
an ICE-related protease; this result might be expected if 
TRADD overexpression were to activate a latent TNFRl 
apoptotic pathway. 

The Fas antigen signals cell death through a portion of 
its cytoplasmic domain that is 28% identical to the death 
domain of TNFRl (Itoh and Nagata, 1993). Interestingly, 
TRADD does not appear to interact with Fas antigen. This 
observatk)n suggests that the receptor-proximal apoptotic 
signaling pathways activated by TNFRl and Fas antigen 
are distinct, but converge downstream at some point be- 
fore ICE activation. Alternatively, the two pathways may be 
parallel and activate distinct crmA-inhibitable, ICE-related 
proteases. In either case, it is possible that a TRADD- 
related protein will be discovered that associates with the 
death domain of Fas antigen. Furthermore, both alterna- 
tives are consistent with reports that TNF and Fas activate 
programs of cell death that are at least partially distinct 
(Wong and Goeddel, 1994; Schulze-Osthoff et al., 1994). 

Both TNF and lL-1 induce the transcriptional activation 
of a large set of genes involved in acute phase and inflam- 
matory responses by activating the transcription factor NF- 
kB. In general, the proinflammatory activity of TNF is sig- 
naled through TNFRl (Kruppa et al., 1992; Pfeffer et al., 

1993) , although there are some cell lines in which TNFR2 
can activate NF-kB (Rothe et al., 1994; La^reid et al., 

1994) . Transient overexpression of TRADD potently acti- 
vated NF-kB in several TNF-responsive cell lines How- 
ever, in several instances this activation could be seen 
only wfien the cell death pathway was inhibited by crmA 
expression. Our failure to observe any interaction between 
TRADD and either IL-1 Rl or TNFR2 suggests that TRADD 
is not involved in NF-kB activation initiated by these two 
receptors and may be exclusively dedicated to TNFR1 
stgnai transduction. 

Del tion mutagen sis experim nts identified a region 
of 1 1 1 ammo acids n ar the C-terminus of TRADD that is 
sufficient to trigger both ap)Optosis and NF-kB activation 
This death domain is also sufficient for int raction with 
TNFRl and s If-associalion Furthermore, this region is 
related in primary sequence to the death domain of 
TNFRl , but bears little similarity to the Fas antigen death 
domain. This raises th possibility that the great r se- 
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qu nee identity betw n TRADD and TNFR1 d fin s a 
structural framework that accounts for th ir ability to inter- 
act specifically. 

To date, we have been unable to identify a TRADD mu- 
tant that interacts with TNFR1 but fails to signal. Such a 
mutant might be expected to act as a dominant negative 
inhibitor of TNF signaling, thereby demonstrating an es- 
sential role for TRADD in TNFR1 signal transduction. How- 
ever, strong correlative evidence for such a role comes 
from several observations. First, no active TRADD dele- 
tion mutants were found that failed to interact with TNFRl . 
Second, mutants of TNFRl that are incapable of signaling 
cell death or NF-kB activation do not interact with TRADD. 
Third, two-hybrid screening using murine TNFRl as bait 
resulted in the isolation of a cDNA for murine TRADD (M. 
Pan and D. V. G., unpublished data). Finally, human 
TRADD is able to interact with the cytoplasmic domains 
of murine and human TNFRl , which do not exhibit species 
specificity, yet share only 59% sequence identity (Lewis 
et al., 1991). 

Mechanisms of TRADD-lnduced 
Signal Transduction 

The disparate effects of crmA expression on TRADD- 
induced apoptosis and NF-kB activation are significant, 
as they suggest divergence of the apoptotic and NF-kB 
pathways mediated by TNFRl. Furthermore, the failure 
of crnnA expression to block NF-kB activation indicates 
that this aspect of TRADD activity is not an artifact of sick 
or dying cells. Apparently, the interaction of the death do- 
main of TNFR1 with the C-terminal region of TRADD acti- 
vates either two separate signaling cascades or one pri- 
mary signal that subsequently splits into two (or more) 
pathways before ICE is encountered on the apoptotic 
pathway. 

Just how TRADD is able to transmit signals downstream 
from TNFR1 remains a mystery at this time. Western blot 
analyses indicate that TRADD is f>ormally expressed in 
very low amounts. On the basis of cDNA cloning results 
(approximately one positive in 10^ clones screened) and 
Northern btot analyses, we estimate that TRADD mRNA 
levels are typically less than 5 molecules per cell. Perhaps 
TRADD has a higher affinity for aggregated than for nr>ono- 
meric TNFRl . such that under normal physiological condi- 
tions, interaction can only occur following TNF-induced 
receptor aggregation. Another possibility is that a TRADD 
or TNFRl -associated inhibitory protein prevents interac- 
tion of TRADD with TNFRl prior to receptor aggregation 
Both possibilities might be expected to represent deli- 
cately balanced signaling systems that could be ovemd- 
den by enforced expression of TRADD. Similarly, overex- 
pression of TNFRl has be n shown to trigg r c II death, 
IL-8 gene induction (Boldin etal., 1995), and NF-kB activa- 
tion (H. H. and D. V. G., unpublished data). In this case. 
Iigand-independ nt aggregation of TNFR1 is observed, 
which might result in r cruitment of TRADD to the receptor 
complex 

The Identification and characterization of TRADD de- 
scrit)ed herein provides an initial st p in deciph ring the 
intracellular signaling pathways activated by TNF binding 



to TNFRL Howev r, many impwrtant questions remain 
unr solved; first, what role does TRADD play in oth r 
TNFRl -transduced signals, such as activation of sphingo- 
myelinases or the TNFRl -associated serine kinase activ- 
ity? Second, what is the functk>n of the - 200 N-terminal 
amino acids of TRADD that are not required for induction of 
apoptosis and NF-kB activation? Third, how does TRADD 
connect to downstream signaling events? Fourth, do other 
members of the TNF receptor superfamily interact with 
TRADD or related molecules to initiate their signaling cas- 
cades? Finally, do TRADD-like proteins participate in other 
(non-TNF receptor superfamily-mediated) pathways of 
programmed cell death? We hope that the molecular re- 
agents and observations reported herein will help stimu- 
late a resolution to these and other questions. 

Experimental Procedures 
Reagents and Cell Llr>es 

Recombinant human TNF was provided by Genentech, Incorporated 
The rabbit anti-TNFRl polyclonal antibody was described previously 
(Tartaglla et al., 1991). The rabbit anti-TRADD antiserum was raised 
against a GST-TRADD fusion protein by BabCo (Richrrwnd, Califor- 
nia). The monoclonal antibody against the Myc epitope (S-M-E-O-K-L-l- 
S-E-E-D-L-N) was provided by R. Schreiber, Rabbit anti-pSO and anti- 
p65 polyclonal antibodies were purchased from Santa Cruz 
Biotechnology. The HtTA-1 (for HeLa expressing a tetracycline- 
controlted transactivator; Dr H. Bujard), 293 (R. Tjian), HepG2 (Ameri- 
can Type Culture Collection [ATCCJ). ECV304 (ATCC), and NIH 3T3 
(S. McKnight) cell lines were obtained from the indicated sources. 

Expreeelon Vectors 

The TRADD cDNA was ctoned as a 1 .4 kb EcoRI tragnwnt into pRK5 
under the transcriptional control of the cytomegalovirus (CMV) immedi- 
ate-early promoter-enhancer (Schall et al., 1990). The resulting plas- 
mid. pRK-TRADD, was used for mammalian call expression and for 
in vttro transcription and translation using the SP6 pronrwter. Myc epi- 
tope tag constucts were made by replacing tt>e eight N-terminal codons 
of TRADD with DNA encoding the sequence M-A-S-M-E-O-K-L-t-S-E-E- 
D-L. C-terminai deletion mutants of TRADD were generated by re- 
piacenr>ent of sequences between the Xhol site in TRADD and the 
Hindu I site In pRK5 with synthetic DNA containing the appropriate 
coding sequence and in-frame stop codons N-terminal deletion mu- 
tants of TRADD were generated by polymerase chain reaction (PCR) 
The various mutant TNFRl expression vectors were described pre- 
viously (Tartagliaet al., 1993). Aplasmid containing the cowpox virus 
crmA gerw (Pickup et al., 1986) was obtained from G. PaJumbo. A 1 .0 
kb crmA fragment was generated by PCR and inserted into the pRK5 
vector to give tf>e plasmid pRK-crmA. The Bct~2 expression vector 
pSFFV-Bcl-2, based on the tong terminal repeat of the splentc focus- 
forming virus, was provided by S. Korsmeyer The CMV-t>ased expres- 
sk>n vector pCMV19K for the adenovirus 19 kDa ElB protein was 
provided by J Fraser The NF-KB-luciferase reporter plasmid pELAM- 
luc, containing E-selectin promoter sequences from position -730 to 
position +52 (Schindler and Baichwal, 1994). was provided by U 
Schtndler 

Yeast Two-HybrM Cloning 

DNA encoding the intracellular domain (amino aci^ 214-426) of 
TNFRl was cloned into the yeast GAL4 DNA-binding domain vector 
pG8T9 The resulting plasmid, pGAL4bd-TNF-Rlicd, was used as 
bait In two-hybrid screens of HeLa and B cell cDNA libraries (Clontech) 
folk>wing the Matchmaker Two-Hybrid System Protocol (Ctontech) 
Positive yeast clones were selected by prototrophy tor histidine and 
expression of ^-galactosidase Yeast DNA was recovered and trans- 
formed into E coll Plasmids containing cDNA ctones were identified 
by restrictk>n mapping ar>d further characterized by DNA sequencing 
Subsequent two-hyt>rid tnteradion analyses were carried out by co- 
transformation of plasmids containing the GAL4 DNA-blndmg (pGBT9) 
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and -activation (pGAD424) domains into Saccharomyces cerevisiae 
strain SFy526, 

cDNA Ctonlnfi and North«m Blot Hybridization 

The cDNA insert of approximately 1 kb from two-hybrid cione B27 was 
used as probe to screen human HeLa and HUVEC cDNA libraries In 
Xgtl 1 (provided by Dr. Z. Cao; complexity of >2 x 10" clones each) by 
standard methods (Sambrook et al ., 1989). Two in<Jependent positive 
clones were obtained from each library. Following subcloning Into 
pBluescript KS (Stratagene), DNA sequencing was performed on an 
Applied Biosystems, Incorporated model 373A automated DNA se- 
quencer by use of the Pnsm Dye Terminator Cycle sequencing kit 
(Applied Biosystems) Northern blot analysts of the human multiple 
tissue blot (Ck>ntech) was performed according to the instructions of 
the manufacturer, by use of an -400 bp EcoRl-Narl fragment from 
the 5' end of TRADD cDNA as probe. 

C«ll Culture, Tranalectlonft, and Reporter Assays 

293 and NIH 3T3 cells were maintained in high glucose Dulbecco's 
modified Eagle's medium (DMEM) containing 10% fetal caM serum. 
100 \xgim\ penicillin G, and 100 pg/m! streptomycin (GIBCO). HtTA-1 
(HeLa) cells were grown In the same medium containing 400 ^ig/ml 
G418. HepG2 cells were maintained in DMEM/F12 (1:1) medium with 
the same additives. For reporter assays, coimmunoprecipitattons. and 
cell killing assays, - 2 x 10* celts/well were see<Jed on &-weH (35 mm) 
dishes and grown in 5% CO7 at 37**C, Cells were transfected the next 
day by the calcium phosphate precipitation method (Ausubel et al., 
1994). After an incubation of 24-36 hr, celts were washed twice with 
phosphate-buffered saline and then lysed with 200 of lysis buffer 
(25 mM Tris-phosphate [pH 7.8). 2 mM dithiothreltol [DTT], 2 mM 
1 .2-diaminocyclohexane-N,N.N',N'-tetraacetic acid [CDTAl. 1 0% glyc- 
erol, 1% Triton X-100). Aliquots of cell lysates [20 were mixed with 
1 00 (il of luciferase assay reagent ( Promega) and the luclferase activity 
determined using a Model 20e luminometer (Turner Designs). H'alac- 
tosidase activity was determined in a mixture containing 10 ^1 of cell 
lysate. 10 ^l of 50 mM chlorophenol red p-o^gatadopyranoside (CPRG), 
and 80 |il of Z buffer (60 mM NajHPO*. 10 mM KQ. 1 mM fknercapio- 
ethanol (pH 7.0D. Samples were incubated at 37«C until red color 
developed, and absort)ance was determined at 574 nm These values 
were used to normalize transf action efficiencies For DNA laddering 
and EMSA experiments, transfections were performed with 100 mm 
dishes seeded with - 10* cells. At 24-36 hr after transfection, DNA 
or nuclear extracts were prepared. 

CotmntunopredpltatkMis artd Wsalem Blot Analysis 

Western blot analysis to detect TRADD was performed with the anti- 
TRADD antiserum and horseradish peroxidase-coupled goat anti- 
rabbit IgG (Amersham) using enhanced chemiluminescence ac- 
cording to the protocol of the manufacturer For immunoprecipitation 
assays, 50 \i\ aliquots of tysates from transfected cells were incubated 
with 1 ^1 of the anti-TNFRi antibody and 450 ui of El A buffer (50 mM 
HEPES ipH 7.6], 250 mM NaCl. 0.1% NP-40. 5 mM EDTA). The mix- 
ture was incubated at 4*C for 1 hr, then mixed with 20 ^l of a 1:1 
slurry of protein A-Sepharose (Pharmacia) and incubated for another 
hour. The beads were washed twice with 1 ml of El A buffer, twice 
with1 ml of high salt (1 M NaCI) El A buffer, and twice again with E1A 
buffer The precipitates were fractionated on 10% SDS-pdyacryt- 
amide gels and transferred to Immotwlon P membrane (Milllpore) The 
blot was subjected to Western Wot analysis with anti-Myc monoclonal 
antibody and horseradish peroxide se-cou pled rabbit anti-mouse im- 
munoglobulin 

Generation of OST Fusion Proteins and In Vitro Binding Assays 

TRADD and the cytoplasmic regions of TNFRl . TNFRI (-20). Fas anti- 
gen, tL-1 R1 . and TNFR2 were expressed Individually as GST (glutathi- 
one S-transterase,' fusion protetns by use of pGEX vectors (Phar- 
macia) Expression and purificatton of the GST fusion proteins were 
performed as described (Smith and Johnson, 1988) *S-tabeled pro- 
teins were generated with the TNT $P6 Coupled Reticulocyte Lysate 
System (Pron>ega) and the various TRADO expression constructs in 
pRK5. For each in vitro binding assay, 10 |il of glutathion»-Sepharoee 
beads (Pharmacia) bound to the appropriate GST fusion protein ( - 5 
^g) was Incubated with *&4abeled polypeptides in 1 ml of El A buffer 



at 4»C for 1 hr The beads were then washed six times with El A butter 
Proteins on the beads were fractionated by SDS-polyacrylamide gel 
electrophoresis (PAGE) and exposed to Kodak X-ray film 

Apoptoals Assays 

DNA fragmentation assays were performed as described (Hermann 
et al., 1994). using approximately 10^ transfected or nontransfected 
cells DNA aliquots (150 ng) were fractionated by electrophoresis in 
a 1.6% agarose gel 

^alactosidase cotransfection assays for determination of cell 
death were performed as described by Kumar et al (1994) Cells were 
observed microscopically . and the number of blue cells per 35 mm 
well was determined by counting 

EMSAs 

Nuclear extracts were prepared as descritied by Osbom et al (1989). 
Double-stranded oligonucleotides (5'-GATGCCATT GGGGATTTCC T- 
CTTTACTG) containing an NF-»cB-binding site were "P-labeled using 
polynucleotide kinase. Each get shift assay was performed in a 30 
ul reaction mixture containing 10 \iQ of nuclear extracts. 0.4 ng of 
radk>lat>eled oligonucleotide probe, 1 ^g of sonicated E. coll DNA, 6 
Hl of 5x EMSA buffer (100 mM HEPES [pH 7.6], 250 mM KCI, 5 mM 
DTT. 5 mM EDTA, 25% glycerol), and where necessary. 20 ug of cold 
competitor ottgonudeotides The mutant competitor oligonucleotides 
have the underlined NF-kB site changed to GGaagcTTCC Mixtures 
were Incubated at room temperature for 10 min and then subjected 
to electrophoretic fractionation on a 5% polyacrylamide gel at 4'»C 
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Summary 

U ing the cytoplasmic domain of Fas in the yeast two- 
hybrid system, we have identified a novel interacting 
protein, FADD, which binds Fas and Fas-FD5. a mutant 
of Fas possessing enhanced killing activity, but not the 
functionally inactive mutants Fas-LPR and Fas-FD8. 
FADD contains a death domain homologous to the 
d ath domains of Fas and TNFR-1. A point mutation 
in FADD, analogous to the Ipr mutation of Fas, abol- 
ishes its ability to bind Fas, suggesting a death domain 
to death domain interaction. Overexpression of FADD 
in MCF7 and BJAB cells induces apoptosis, which, like 
Fas-induced apoptosis, is blocked by CrmA, a specific 
inhibitor of the inter1eukin-ip-con vert ing enzyme. 
Th se findings suggest that FADD may play an Im- 
portant role in the proximal signal transduction of Fas. 

Introduction 

Programmed cell death (PCD) is a physiological process 
essential to the normal development and homeostatic 
maintenance of multicellular organisms (reviewed by Vaux 
et al., 1994; Ellis et al., 1991). Apoptosis, often equated 
with PCD, refers to the morphological alterations exhibited 
by "actively" dying cells that include cell shrinkage, mem- 
brane blebbing, and chromatin condensation (Cohen, 
1 993). In contrast, necrosis, sometimes referred to as acci- 
d ntal cell death, is defined by the swelling and lysis of 
c lis that are exposed to toxic stimuli. 

Though the morphological features of cell death are well 
described, the molecular mechanisms behind apoptosis 
remain undefined. Recent work on PCD in the nematode 
Ca norhabditis elegans showed that the ced-S gene is 
r quired for apoptosis (Yuan et al., 1993). Sequence anal- 
ysis revealed that CED-3 is similar to the mammalian in- 
t rleukin-1i3 (IL-lp)-converting enzyme (ICE) (Yuan et al., 
1993), which is a cysteine proteinase involved in the pro- 
cessing and activation of pro-IL-ip to the active cytokine 
(Cerrettiet al., 1992; Thornberry et al, 1992). Overexpres- 
sion of ICE in mammalian c Ms induced apoptosis, sug- 
gesting that ICE, or a related protease, may be an essentia! 
component of the cell d ath pathway (Miura t al.. 1993). 

Although a CED-3-like protease is suspected to be a 
distal effector of the mammalian cell death pathway, the 
proximal components that lead to its activation r main to 
be identified Two cell surface cytokine receptors, FasJ 
APO-1 antig n and the receptor for tumor necrosis factor 

*The first two authors contributed equally to thts work 



(TNF). have been shown to trigger apoptosis by natural 
ligands or specific agonist antibodies (Baglioni, 1992; Yo- 
nehara et al., 1989; Itoh et al., 1991; Trauth et al., 1989) 
Mice carrying a point mutation in the cytoplasmic domain 
of Fas exhibit a lupus-like lymphoproliferative autoimmune 
disorder {Ipr), (Watanabe-Fukunaga et al., 1992), and the 
Fas-mediated cell death pathway has been recently impli- 
cated in the activation-induced death of T cells (Dhein et 
at., 1995; Brunner et al., 1995; Ju et al., 1995). While the 
main activity of Fas is to trigger cell death, the TNF recep- 
tor (TNFR) can signal an array of diverse activities such 
as fibroblast proliferation, resistance to chlamidiae, and 
synthesis of prostaglandin E2 (Tartaglia and Goeddel, 
1992) Recent work in our laboratory suggests that the 
stimulation of Fas or the TNFR triggers the activation of 
a common component of the cell death pathway. CrmA, 
a poxvirus gene product, was shown to potently block both 
Fas- and TNF-induced cell death (Tewari and Dixit, 1995). 
Interestingly, the only reported target for CrmA is the 
CED-3 homolog ICE (Ray et al., 1992), suggesting that 
ICE, or an ICE-like protease, is the common effector of 
cytokine receptor-mediated cell death. 

The activation of Fas and TNFR is caused by receptor 
aggregation mediated by the respective ligands or agonist 
antibodies. The signal is thought to be transduced by clus- 
tering of the intracellular domain (Boldin et al., 1 995; Song 
et al., 1994), which encompasses a region that is signifi- 
cantly conserved in the Fas antigen as well as in TNFR-1 
(Tartaglia et al., 1993; Itoh and Nagata, 1993). This shared 
"death domain" suggests that both receptors Interact with 
a related set of signal transduction molecules that, thus 
far, remain unidentified. 

Here, we report the molecular cloning and characteriza- 
tion of FADD, a Fas-associating protein with a novel death 
domain. The specific interaction of Fas and FADD is due 
to the association of their respective homologous death 
domains. Remarkably similar to Fas-induced killing, over- 
expression of FADD induces apoptosis that is inhibitable 
by CrmA. Taken together, our results suggest that FADD 
is a component of the Fas-mediated cell death pathway. 

Results 

Isolation of FADD 

The yeast two-hybrid system was used to screen for pro- 
teins that interact with the cytoplasmic domain of Fas An 
expression vector was constructed by fusing the GAL4 
DNA-bindtng domain to the cytoplasmic tail of the human 
Fas antigen (GAL4bd-Fas) This bail plasmid was cotrans- 
formed in yeast with a prey plasmid containing a human B 
cell cDNA expression library fused to the GAL4 activation 
domain Seventeen positive clones were obtained from 
2 X 10* transformants sere ned. To determine the speci- 
ficity of interaction, plasmids containing the activation do- 
main fusion proteins were recov red from the putative pos- 
itive clon s and cotransformed with GAL4bd-Fas and 
control heterologous baits Two clones (8 and 15) were 
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Summary 

Ligation of the extracellular domain of the cell surface 
receptor Fas/APO-1 (CD95) elicits a characteristic pro- 
grammed death response in susceptible cells. Using a 
genetic selection based on protein-protein interaction 
in yeast, we have identified two gene products that 
associate with the intracellular domain of Fas: Fas It- 
self, and a novel 74 kDa protein we have named RIP, for 
receptor interacting protein. RIP also interacts weakly 
with the p55 tumor necrosis factor receptor (TNFR1) 
intracellular domain, but not with a mutant version of 
Fas corresponding to the murine Ipt^ mutation. RIP 
contains an N-terminai region with homology to pro- 
tein kinases ar>d a C-terminal region containing a cyto- 
plasmic motif (death domain) present in the Fas and 
TNFR1 intracellular domains. Transient overexpres- 
sion of RIP causes transfected cells to undergo the 
morphological changes characteristic of apoptosis. 
Taken together, these properties indicate that RIP is 
a novel form of apoptosis-inducirig protein. 

Introduction 

Although regulated cell death is known to be essential for 
the orderly development of metazoan organisms and is 
crucial to the proper functioning of the immune system 
in higher vertebrates, relatively little is known about the 
mechanisms by which cell death programs are executed. 
One important mediator of immunologically relevant celt 
death processes is the Fas antigen/APO-1 (CD95). origi- 
nally identified as the target of monoclonal antibodies that 
could kill multiple cell types (T rauth et al., 1989; Yonehara 
et al., 1989) cDNA cloning and sequence analysis (Itoh 
et al., 1991 . Watanabe-Fukunaga et al.. 1992a: Oehm et 
al., 1992) showed Fas to be a member of a family of trans- 
membrane receptors that includes the low affinity nerve 
growth factor (NGF) receptor, the tumor necrosis factor 
receptors {TNFR1 and TNFR2), and a variety of immune 
cell receptors including CD40, 0X40. CD30. CD27, and 
4-1 BB {for review see Smith et al . . 1 994). S veral members 
of this family besides Fas have been shown to regulate 
or induce cell death, in particular the p55 TNFR (TNFR1) 
(Tartaglia et al.. 1991. 1993b) and the p75 TNFR (TNFR2) 
(Heller et al., 1992, 1993; Clement and Stamenkovic, 
1994) 



Disruption of Fas expression or function in lymphoprolt- 
feration {Ipr) mutant mice leads to a progressive lymphade- 
nopathy and autoimmune syndrome resembling human 
systemic lupus erythematosus (Watanabe-Fukunaga et al., 
1992b). The residual cytotoxic activity of T cells derived 
from perforin-deficient mice is also dependent on the pres- 
ence of at least one wild-type allele of the Ipr locus (Kagi 
et al., 1994; Kojima et al., 1994; Lowin et al., 1994). Thus, 
the ability of Fas to induce cell death is important for the 
maintenance of at least two immunological processes in 
vivo: peripheral tolerance to self (Singer and Abbas, 1994; 
Crispe, 1994) and calcium-independent T cell cytotoxicity 
(reviewed by Henkart, 1994). 

The mechanism by which Fas induces cell death is un- 
known, but it requires multivalent cross-linking of the re- 
ceptor (Dhein et al., 1992) and is facilitated by concurrent 
inhibition of RNA or protein synthesis in some cell types. 
Other factors have been reported to modulate Fas activity 
(Klas et al., 1993), and under certain circumstances, Fas 
is capable of signaling activation rather than death 
(Alderson et al., 1993). Anti-Fas antibodies and TNF are 
both capable of signaling cell death in vitro with sinnilar 
kinetics (Yonehara et al., 1989; Itoh and Nagata, 1993). 
and among members of the NGF/TNF receptor family. 
Fas and TNFR1 share the most significant cytoplasmic 
homology. 

Deletion and mutational analyses have led to the identifi- 
cation of sequences within Fas that are required for the 
cell death response (Itoh and Nagata, 1993). It has been 
proposed that a death domain contained in a region of 
similarity between Fas and TNFR1 is essential for the initi- 
ation of apoptosis by both molecules, perhaps through an 
interaction with other intracellular proteins (Tartaglia et al. , 
1993a). 

To study the events elicited by Fas ligation, we have 
exploited a yeast protein interaction system to identify a 
novel protein that interacts with the Fas cytoplasmic do- 
main. This protein, which we have named RIP (for receptor 
interacting protein), contains a death domain homology 
region at its C-terminus and a kinase domain at its N-ter- 
minus. Overexpression of RIP leads to morphological 
changes characteristic of apoptosis The ability of RIP to 
associate with the Fas intracellular domain in yeast and 
to promote apoptotic changes upon overexpression in 
mammalian cells suggests it may be an imp)ortant element 
in the signal transduction machinery that mediates pro- 
grammed cell death. 

Results 

Id ntification f cDNAs Encoding Prot in 
Domains That Bind Fas 

A cDNA library screen for proteins that interact with the 
intracellular domain of Fas was conducted with the help 
of a yeast g n tic sel ction syst m (Gyuris et al., 1993; 
Zervos et al. , 1 993). A cDNA segment comprising virtually 
the entire cytoplasmic domain of human Fas (r sidues 
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Figure 1 . Specificity of RIP Interactions in Yeast 

(A) RIP-Fas and Fas-Fas interactions Cells of the S. cerevisiae strain 
EGY48/pRB1840 were sequentially transformed with the indicated 
LexA-fusion plasmid and either the Act-Fas or the Act-RIP library 
isolate. Independent colonies arising from the activator plasmtd trans- 
formations were streaked on Ura His Trp plates containing X-Gal, 
galactose, and raffinose and photographed using a red filter. 

(B) Quantitative p-gal assay Three colonies from each Act-RIP/LexA- 
fusion protein pair were used to inoculate a galactose-containing liquid 
culture The p-gal activity of lysates prepared from each culture was 
measured and normalized to the total protein concentration of the 
lysate. 5 units (nmoles/min/mg protein) represents the limit of detection 
of p-gal activity in thrs system 

(C) Pairwise association between LexA-Fas deletion variants and Act- 
Fas or Act-RIP . The indicated yeast strains were constructed by trans- 
formation, and the production of p-gal was tested by a chromogenic 
colony assay using X-Ga! The extent of color development of individ- 
ual colony streaks was scored visually, with ^-f--^* indicating dark blue 
and - indicating the growth white colonies only indicates the 
presence of faint blue flecks in some of the colonies bearing the indi- 
cated Act/LexA pair 



192-329 of the Fas precursor) was fused to the 3' end of 
the coding region for the bacterial r pr ssor LexA, and a 
yeast expression plasmid containing this gene fusion was 
introduced into a reporter strain harboring the Saccharo- 
myces c r visia LEU2 and Escherichia coli (i-galactosi- 
das (^-gal) coding sequ nces und r the control of a syn- 
thetic pronnot r bearing LexA-binding sit s. The resulting 



yeast strain was transformed with a transcriptional activa- 
tor fusion protein library prepar d from mRNA isolated 
from the Jurkat (human T cell leukemia) cell line, which is 
known to undergo apoptosis when subjected to treatment 
with anti-Fas antibody. Transformants were plated on se- 
lective (Leu-deficient) plates containing galactose, which 
induces the GAL 1 promoter that directs transcription of the 
library insert. Leu prototrophs were transferred to plates 
containing X-Gal and galactose, and colonies giving a dark 
blue color were recovered and analyzed further. 

To test the specificity of the interaction between the can- 
didate interaction partners and Fas, the library plasmids 
were reintroduced into a second strain harboring a LexA- 
Fas fusion gene (LexA-lpr*'^) in which the Fas portion had 
been mutated by substitution of Asn for Val at position 
254 of the Fas precursor sequence. This mutation was 
expected to exhibit a molecular phenotype similar to that 
of the murine Ipr^ allele, which is formed by substitution 
of Asn for lie at the homologous position. None of the 
candidate plasmids showing evidence of strong interac- 
tion with LexA-Fas were capable of interacting with LexA- 
Ipr^ (Figure 1A; data not shown). 

Restriction site and sequence analysis of the cDNA in- 
serts of the candidate clones showed that they felt into 
only two classes, each of which consisted of an incomplete 
cDNA. One of the inserts encoded the C-terminal residues 
222-335 of the intracellular domain of Fas itself, and the 
other encoded a protein, subsequently named RIP, with- 
out overt relationship to previously described polypep- 
tides. For simplicity in the following discussion, we wilt 
refer to the transcriptional activator fusion proteins ex- 
pressed by the two classes of library isolates as Act-Fas 
and Act-RIP. 

The specificity of the interaction partners was further 
tested by using the library plasmids to transform yeast 
harbohng expression plasmids encoding LexA fusions 
with intracellular domains of various cell surface receptors 
(Figure 1 A). Although no interaction was detected in most 
cases (data not shown), weak promoter activity was dis- 
cerned following introduction of the yeast plasmid encod- 
ing Act-RIP into strains harboring LexA-TNFR1 intracel- 
lular domain. By contrast, no activity was seen when Act- 
RIP was introduced into strains harboring LexA-TNFR2 
intracellular domain. Yeast transformed with Act-Fas dis- 
played promoter activity in strains harboring LexA-Fas 
intracellular domain, but showed no activity in strains har- 
boring any other LexA-intraceltutar domain (Figure 1A) 

To measure this effect more precisely, P-gal assays 
were performed on lysates of yeast harboring various pai'-s 
of LexA-intracellular domain and Act-RIP Lysates from 
yeast beanng LexA-Fas and Act-RIP contained about 30- 
to 40-fold more P-gal activity than strains bearing Act-RIP 
and either LexA-lpr^s or LexA-TNFR2 (Figure 1B) Lysates 
prepared from yeast harbonng LexA-TNFR1 and Act-RIP 
expressed p-gal activity at about 10% of the level seen 
in lysates prepared from yeast bearing LexA-Fas and Act- 
RtP (Figure IB). 

One xplanation for the failure to detect an interaction 
between Act-RIP and LexA-lpr*=o or LexA-TNFR2 could 
have been that the LexA fusion proteins were poorly ex- 
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Figure 2. Structureof RIP cDNAs and Deduced Amino Add Sequence 

(A) Schematic diagram of RIP cDNA The inserts of clones isolated 
from a mouse thymus cDNA library are symbolized as lines above a 
bar diagram of the composite sequence, which depicts the regions 
encoding the kinase domain (stippled box), the death domain (closed 
box), and a region of unknown function predicted to have high a-helical 
content (open box). Also shown is the region of human RIP that was 
used as a probe to isolate murine cDNAs. The original human RIP 
isolate encompassed sequences encoding the death domain and 
about ^00 residues upstream 

(B) Inferred polypeptide sequence The mouse sequence consists of 
a contiguous open reading frame proceeding from a translational initia- 
tion consensus. The human sequence predicted from a cDNA frag- 
ment is shown below the mouse, identical residues are indicated by 
a dash, and gaps indicated by a period The conserved consensus 
sequences for casein kinase II (S-X-X-E) and cAMP- or cGMP- 
dependent protein kinase (R-X-X-S) are overlined (reviewed by Ken- 
nelly and Krebs, 1991). 

pressed. To address this possibility, a portion of each ly- 
sate used to measure enzyme activity was subjected to 
gel electrophoresis and blot transfer, followed by detection 
with anti-LexA antiserum. LexA fusion proteins of the ap- 
propriate size were detected in each of the tysates, and 
both the LexA-lpr^ and LexA-TNFR2 fusion proteins were 
found to be more abundantly expressed than LexA-Fas 
or LexA-TNFRl (data not shown), making rt unlik ly that 
failure to detect interaction in vivo could be attributed to 
degradation or inadequate synthesis of the LexA chi- 
meras. 

To localize the sequ nc sinFas/APOl thatarer spon- 
sible either for s If-interaction or for int raction with RIP, 



we prepared a set of LexA-Fas C-terminal deletion chime- 
ras and test d their ability to support int raction with eith r 
Act-Fas or Act-RIP, as measured by P-gal colony assay 
(Figure 1C). These studies showed that the 16 C-terminal 
residues of Fas are not required for interaction with either 
RIP or Fas itself, but that removal of additional residues 
severely compromises the association with RIP. 

Cloning and Structure of Murine RIP 

Because the RIP cDNA insert identified by genetic selec- 
tion in yeast did not encode an open reading frame bearing 
a consensus translational initiation sequence, additional 
human cDNA libraries were screened by hybridization for 
a full-length clone. None were identified, however, and 
several of the resulting isolates appeared to terminate at 
approximately the same 5' terminus, suggesting that sec- 
ondary structure in the mRNA might have prevented ex- 
tension of the cD N A by reverse transcriptase . Although the 
largest clone spanned approximately 1 kb of sequence, 
preliminary RNA blot hybridizations revealed a transcript 
of approximately 4.2 kb expressed in cell lines of diverse 
provenance, including tumors of lymphoid, hepatic, renal, 
neuronal, cervical, intestinal, muscular, and skeletal origin. 

To isolate a full-length clone, the human RIP coding 
sequence was used to probe a mouse thymus cDNA li- 
brary. Four distinct overlapping clones were identified, 
ranging in size from 1 kb to 2.4 kb, as shown in Figure 
2A. Restriction analysis and sequencing revealed that one 
of these clones, 1112, extended further 5' than the others. 
The 2.3 kb insert of MI2 contains a 1968 nt open reading 
frame beginning with a translational initiation consensus 
sequence (Kozak, 1987) and predicting a polypeptide of 
656 amino acids with a M. of 74,000 (Figure 2B). 

The N-terminal region of RIP bears an extended homol- 
ogy to protein kinases that begins a few residues after the 
presumptive initiating Met and extends to the vicinity of 
residue 300. Quantitative sequence comparisons based 
on a word match algorithm (Altschul et al., 1990) predict 
that this domain is most similar overall to the Tyr subclass 
of protein kinases, with the highest related ness seen to 
the mouse Ick gene product (Marth et al., 1 985). However, 
in the key sut>domains that dischminate most closely be- 
tween Tyr and Ser/Thr substrate specificity, the DLKPEN 
sequence (corresponding to kinase sut>domatn VI) and 
the GTLYYMAPE sequence (kinase subdomain VMl). RIP 
appears to match the Ser/Thr family consensus (Figure 
3A; Hanks and Lindberg, 1991. Taylor and Radzio- 
Andzetm, 1994). Residues that are conserved in kinases 
of both subclasses (tor example, kinase subdomain IX. 
Figure 3A) are also well conserved in RIP 

The sequence predicted by the longest of the human 
cDNA fragments consists of 375 amino acids correspond- 
ing to the region just C-terminal to the kinase domain of 
murine RIP and shares 67% s quence id ntity with the 
murine sequence over this length Within this domain, the 
first 270 amino acids following the kinase domain have 
no striking homology to other proteins, although a small 
subdomain is highly conserv d t>etw en mous and hu- 
man proteins (residu s 391-427 of the murine sequence) 
and has a relativ ly high repres ntation of Arg (R), Gin 
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Figure 3. RIP is Similar to Proteins with Kinase 
and Death Domains 

(A) Comparison of RIP to the catalytic domains 
of Ser/Thr and Tyr kinases and the Src subfam- 
ily of Tyr kinases (sTyr). Consensus sequences 
were described by Hanks and Lindberg (1991) 
and represent analysis of 70 Ser/Thr kinases, 
26 Tyr kinases, and 8 sTyr kinases Consensus 
residues found In over 95% of sequences ana- 
lyzed are botded 

(B) Sequence alignment of the RIP C-terminus 
with the death domains and C-iermini of Fas 
and TNFRi Gaps are indicated by dashes 
Consensus residues conserved in all six se- 
quences are capitalized, whereas positions at 
which a charge-conserved residue is found in 
one of the sequences are shown in lower case. 
Noteworthy charge conservations are bolded 
The regions denoted (A) and (B) represent two 
portions of the Fas cytoplasmic domain com- 
pletely conserved between mouse and human 



(Q), and Glu (E) (18/37 residues in both sequences). The 
sequence of this region is similar to portions of the tricho- 
hyalin family of hair structural proteins, which contain 
RQE-rich repeats that form highly stabilized a helices (Lee 
et ai., 1993) 

The RIP C-Terminus Has Death Domain Homology 

The 98 C-terminal amino acids of RIP share 87% se- 
quence identity between mouse and human, suggesting 
they subserve some regulatory function (Figure 2B). Com- 
parable domains of approximately 90 residues close to 
the C-termini of Fas and TNFRI have been shown to play 
a role in the transduction of apoptotic signals to receptive 
cells and have been termed death domains for this reason 
(Tartaglia et al . , 1 993a). Pairwise comparisons of the death 
domain sequences aligned in Figure 3B showed the high- 
est relatedness between human RIP and human TNFRi 
(59% similarity and 30% identity), which are significantly 
more similar than human Fas and human TNFRi (42% 
similarity and 23% identity). The interspecies conserva- 
tion of the RIP death domain (84% identity between mouse 
and human) exceeds that of the TNFRi (68% identity) and 
Fas (49% identity) death domains. 

Constitutive and Inducible Expression of RIP mRNA 

Preliminary RNA blot hybridization experiments demon- 
strated the existence of an RNA species of approximately 
3.8 kb in a variety of cell lines. To more precisely assess 
mRNA abundance in tissues, a quantitative ribonuclease 
protection assay was employed Use of a labeled anti- 
sense RNA probe corresponding to the 3' terminus of the 
cDNA gave rise to a nbonuclease-resistant spectes of the 
expected size in all adult tissues tested (Figure 4A) An in 
vitro labeled RNA antisense to the mRNA for the ribosomat 
large subuntt proletn L32 was used as an tnternal standard 
to allow normalization to the amount of RNA load d in 
each lane. Analysis of the protected RNA show d that RIP 



mRNA levels varied by less than 2- to 3-fold between most 
tissues (data not shown); lung showed the highest expres- 
sion, whereas tongue showed the least. 

The possibility that RIP mRNA might be regulated as a 
consequence of activation in T cells was also explored. 
Dissociated murine splenocytes were stimulated in vitro 
with the lectin-concanavalin A (ConA), and total RNA 
prepared at various times following addition of lectin was 
analyzed for the presence of RIP sequences by RNA blot 
analysis. Little or no RIP RNA could be detected in unstim- 
ulated splenocytes, but a single 3.8 kb species appeared 
in unfractionated splenocytes that had been exposed to 
lectin for 2 hr or longer (Figure 4B). Since RIP mRNA is 
detectable by ribonuclease protection in the spleen as a 
whole (Figure 4A). the inability to detect RIP mRNA in 
splenocytes treated with ConA for less than 2 hr is probably 
due to the lower sensitivity of RNA blot analysis, although 
this discrepancy could also have resulted from RIP expres- 
sion exclusively in the fibrous tissue of the spleen. 

A Polypeptide of the Expected Molecular Mass 
Is Expressed In Vivo 

To examine the distribution of RIP protein in vivo, a rabbit 
antiserum was prepared against a fusion protein con- 
sisting of the 250 C-terminal residues of murine RIP fused 
to E coli maltose-binding protein. The antiserum specific- 
ity was validated by immunoprectpitation of RIP synthe- 
sized in vitro. Following in vitro transcription and transla- 
tion of the RIP open reading frame, a singte labeled 
product of approximately 74 kDa was observed that could 
be specifically immunoprecipitated with the rabbit antise- 
rum, but not with serum from unimmunized animals (Fig- 
ures 5A and 58) The specificity of the antiserum for RIP 
was also documented by its inability to immunoprecipitate 
an irrelevant protein (Photinus pyralis lucif rase) similarly 
translat d in vitro Immunopr cipitation of a lysate of meta- 
bolically labeled NIH 3T3 c lis with the rabbit antiserum 
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Figure 4. RIP Expression 

(A) RNase protection analysis of total RNA harvested from adult tis- 
sues Each RNA (10 ^ig) was incubated with labeled anttsense RNAs 
complementary to the 3' end of the RIP cDNA sequence and to se- 
quences within the mRNA for the ribosomal large subunit protein L32 
(normalization control). Following digestion of the unhybhdized RNA, 
the protected fragments were separated on a 6% denaturing polyacryl- 
amide gei. tRNA (50 ^g) was substituted for the sample RNA to assess 
the adequacy of RNase digestion. 

(B) T cell activation induces RIP mRNA. An RNA blot prepared from 
8 \iQ samples of total RNA from splenocytes treated with Con A for the 
indicated period of time was hybridized with labeled RIP cDNA or a 28S 
rONA probe and washed as described in the Experimental Procedures 



Figure 5 Immunoprecipitation of RIP 

(A) An insert fragment from RIP cDNA done 1112 was transcribed and 
translated in vitro, and the reaction products were analyzed on a 1 0% 
SDS-polyacrytamide gel Included as controls were samples in which 
either no RNA, or an RNA encoding P pyralis luciterase, was trans- 
lated 

(B) Immunoprecipitation of the in vitro translation products of (A) with 
an antiserum raised against the C-terminus of RIP, or with preimmune 
serum 

(C) Immunoprecipitation of an [^S]Met-labeled lysate of NIH 313 cells 
with the antiserum described in (B) 



revealed the presence of a single protein species with the 
sanne molecular mass as that revealed by in vitro transla- 
tion of RIP (Figure 5C) 

D tection of RIP in Transiently Transfected 
BHK Cells 

To determine whether RIP protein could have a direct ef- 
f ct on cell viability, BHK cells grown on coverslips were 
transiently transfected with an epitope-tagged version of 
RIP (RIP-Myc) and reacted with anti-RIP antiserum or an 
anti-Myc monoclonal antibody Weak expression was de- 
lected with both antibodies The pattern of immunoreactiv- 
ity was heterogen ous, with both diffuse cytoplasmic as 
well as punctate perinuclear patterns observed (Figures 



6A and 6B). DNA staining with Hoechst 33258 showed 
that many of the RIP-expressing celts had apoptotic nuclei, 
a feature not seen when vector or Fas control expression 
plasmids were used (data not shown). However, a number 
of RIP-expressing cells could be found that had normal- 
appearing nuclei; conversely, apoptotic cells having no 
detectable RIP staining were also seen 

The concordance of cell death and RIP expression sug- 
gested the ability to detect RlP-f^yc protein might be com- 
promised by the death of the cells in which it was being 
expressed To test this and the possible role of individual 
RIP domains in apoptosis, two additional pitope-tagged 
constructs w re prepared: one lacking C-t rminal se- 
quences, including the death domain (RIP-MycAd ath), 
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Figure 6 RIP Immunoftuorescence 
BHK cells were transiently transfected with 
plasmids expressing RtP-Myc (A-C). RIP- 
MycAkinase (D-F), or RlP-MycAdeath (G-H) 
and reacted with anti-Myc monoclonal antibod- 
ies (A, D, and G), anti~RIP polyclonal antibodies 
(B and E). or Hoechst 33258 (C, F, and H). Cells 
transfected with RIP-MycAdeath plasmid did not 
react with anti-RIP antisera (data not shown) 



and one lacking - 200 amino acids in the kinase domain 
(RIP-MycAkinase). Both deletion mutants showed greater 
immunoreactivity with anti-Myc antibodies (Figures 6D 
and 6G) than the full-length construct. Only RIP- 
MycAkinase was detected by the anti-RIP antiserum (Fig- 
ure 6E), as expected from the deletion of its epitope from 
RIP-MycAdeath. 

RIP Overexpression Leads to Cell Death 

To determine whether RIP was inducing cell death, we 
marked the transfected cells by cotransfection with p-gal. 
Cells were transfected with pairs of expression plasmids 
encoding RIP-Myc and p-gal (Price et al., 1987) at a 1:3 
ratio of P-gal plasmid to RIP plasmid. After histochemical 
detection of p-gal activity, cells transfected with p-gal and 
RIP-Myc expression plasmids were found to contain a 
large proportion of intensely staining, shrunken blue cells 
that exhibited membrane blebbtng and loss of adherence 
(Figures 7A and 7E). By contrast, transf ction with p-gal, 
either alone (Figure 7D) or in combination with RIP- 
Myc Ad ath (Figure 7C). had no adverse effect upon nu- 
clear morphology and resulted in a pr dominantly cyto- 
plasmic ^-^1 staining pattern. Cotransfection of P-gal with 
RIP-MycAkinase lik wise gave cytoplasmic staining of 



healthy-appearing cells, although a number of shrunken, 
blebbed cells were also seen (Figure 7B). 

To quantttate these results , cells from th ree independent 
transfections were examined, and the morphologically 
apoptotic blue cells were enumerated as a fraction of total 
blue cells (Table 1). Over 57% of blue cells arising from 
cotransfection of RIP-Myc and the P-gal showed morpho- 
logical changes consistent with apoptosis, whereas only 
1%-2o/o of blue cells that had been transfected with p-gal 
plasmid or in combination with RIP-MycAdeath exhibited 
such a phenotype. However, a consistent frequency of 
apoptotic changes was seen in cotransfections involving 
RIP-MycAkinase, with almost 11% of the blue cells ap- 
pearing to have undergone cell death. The fraction of cells 
showing morphological changes was positively correlated 
with the ratio of RIP-Myc or RIP-MycAkinase pfasmid to 
p-gal plasmid. so that increasing RIP:p-gat plasmid ratios 
gave higher p rcentages of dead blue cells (data not 
shown) 

Additional transfection experiments were performed us- 
ing cells derived from the human embryonic kidney 293 
c II line (Pear et al., 1993). As with the pr vious assay, 
c II death was obs rv d in th se c lis wh n either the 
RIP-Myc or RIP-Myc Akinase plasmid was us d. DNA frag 
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Figure 7 Apoptotic Changes in Cells Transfected with RIP and (3-Gal 
Expression Plasm ids 

BHK cells were transfected on coverslips, fixed after 12 hr. and incu- 
bated in a buffer containing X-GaJ to visualize &-gal activity Transfec- 
tions were carried out with plasmids encoding: (A) RIP-Myc and p-gal, 
(B) RIP-MycAkinase and fi-gal, (C) RlP-MycAdeath and 3-gal, or (D^ 
p-gal alone. (E) Higher magnification of cells shown m (A) 



m ntation, a hallmark of apoptotic cell death, was de- 
tected in situ in eel Is transfected with these plasmids using 
the m thod of TdT-mediated dUTP-biotin nick end label- 
ing (TUNEL; Gavrieli et al., 1 992); no significant cell death 
or DNA fragmentation was observed with the RIP- 
Myc Ad ath or vector plasmids (data not shown). 

Discussion 

In this study, a genetic se^^ction in yeast for proteins capa- 
ble of interacting with the intracellular domain of Fas/ 
APO-1 identified cDNAs encoding two proteins from a hu- 
man T cell cDNA library: Fas itself and a novel kinase- 
retated protein, RIP, containing a death domain Neither 
protein interacts with a humanized variant of the murine 
\pf^ allele, a point mutant that confers much the same 
phenotype on affected mice as does the original \pr allele 
(Matsuzawa et al., 1990) The finding that the intracellular 
domain of the \pf^ variant is incapable of interacting with 
the wild-type Fas cytoplasmic domain in yeast suggests 
that oligomertzation of Fas mediated by cytoplasmic se- 
quences may be a prerequisite for activity However, ii 
has not been established whether oligomenzation of Fas 
ts necessary for interaction with RIP, or whether the same 
subdomain exploited for ohgomerization is also required 
tor heteromeric association with RIP The discovery of the 
Fas-Fas interaction in a library screen is consistent with 
a r cent d monstration that TNFRi and Fas are capable 
of both self- and cross-association in yeast (Boldin t al.. 



Table 1 , Quantitation of RtP-lnduced Cell Death 




Percent Dead ± SEM 


Construct 


(number of cells scored) 


RIP-Myc plus p-gal 


57.3 ± 17 (618) 


RIP-MycAkinase plus p-gal 


10.9 i 1 1 (660) 


RIP-MycAdeath plus p-ga! 


2.0 ± 0,7 (661) 


P-gal alone 


1.6 ± 0.2 (639) 



The cotransfections described m Figure 7 were repeated in triplicate, 
and the cells were fixed and analyzed for \bcZ expression 16 hr after 
transtection as detailed in the Experimental Procedures The data are 
expressed as the mean percentage of blue cells exhibiting stgns of 
apoptosis as a fraction of the total number of blue cells counted (shown 
in parentheses) 



1995). In accord with the notion that the death domain 
may itself mediate such interactions, we find here that RIP 
can also associate with the intracellular domain of TNFR1 . 

Despite conservation of sequence, structure, and func- 
tion between Fas and TNFRI, downstream effects of the 
two receptors have been dissociated in some cell types 
(Wong and Goeddel. 1994; Schulze-Osthoff et al., 1994), 
whereas responses in other cells suggest that elements 
of their signaling pathways may be shared (Clement and 
Stamenkovic, 1994; Schulze-Osthoff et al., 1994). The 
finding that RIP interacts with both Fas and TNFRI in 
yeast is attractive for its intimation of a simple explanation 
for the shared manifestations of receptor ligation. 

Deletion analysis of Fas has previously demonstrated 
that the 15 C-terminal amino acids are not required for 
signaling, but that larger deletions atx)lish the ability of 
Fas to induce apoptosis (Itoh and Nagata. 1993). Consis- 
tent with these findings, this study has shown that in yeast 
RIP binds well to a Fas molecule lacking the 1 6 C-terminal 
amino acids, but that larger deletions of the Fas cyto- 
plasmic domain greatly reduce or abolish this interaction. 

The human RIP fragment identified by yeast interaction 
was used to clone a murine cDNA that appears to span 
the entire coding region. The authentic 5' and 3' ends of 
the RIP mRNA have yet to be defined, however. Sequenc- 
ing of the 3' ends of cDNA clones 1111, 1112, and Mb yielded 
about 1 .4 kb of putative untranslated sequence includ- 
ing an AAUAAA transcription termination signal, but no 
poly(A) tail (data not shown). Genomic sequence obtained 
from the 5' end suggests the presence of at least one more 
noncoding 5' exon (data not shown). Of the discrepancy 
between the 3.4 kb of identified sequence and the approxi- 
mately 3.8 kb of RNA identified in blot hybridization experi- 
ments, the fraction that can be attributed to poty(A) is un- 
certain. 

RIP mRNA is expressed at low levels in all tissues A 
pattern of widespread expression has also been observed 
for Fas (Leithauser et al.. 1993. B 2 S and P L , unpub- 
lished data), although in contrast with RIP, /as mRNA is 
found at higher levels in thymus, liver, lung, and heart. 
Like ^as mRNA. RIP mRNA is induced m splenocytes after 
activation with ConA Although a r quirement for RIP in 
Fas-mediated killing has not be n established, coordinate 
induction of Fas and RIP may contribute to increased sus- 
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ceptibility of T cells to Fas-mediated cell death following 
activation (Owen-Schaub et al., 1992). 

The N-terminus of RIP has strong homology to kinases 
of both Ser/Thr and Tyr kinase subfamilies. In the two 
interacting loops that appear to control hydroxyamino acid 
recognition (Hubbard et al., 1994; Taylor and Radzio- 
Andzelm, 1994), RIP closely resembles a Ser/Thr kinase. 
In particular, it lacks the Ala-X-Arg or Arg-X-Ala motif 
in subdomain VI and the Pro-X-X-Trp motif in subdomain 
VI It that closely correlate with Tyr substrate specificity 
(Hanks et al., 1988). However, among sequences avail- 
able at the time of submission, RIP shows the greatest 
global similarity to murine Ick, a Tyr kinase of the Src fam- 
ily. The relatedness to Tyr kinases is especially apparent 
among the framework residues outside the putative active 
site. For example, RIP has a tryptophan at position 269 
that is present in all Tyr kinases analyzed by Hanks and 
Quinn (1991), but absent from all Ser/Thr kinases exam- 
ined except Mos. The presence of structural motifs from 
both Tyr and Ser/Thr kinases has also been noted for the 
soybean kinase GmPK6 (Feng et al., 1993), with which 
RIP shares high global similarity. RIP contains a small 
number of amino acids that differ from the conserved resi- 
dues of either Ser/Thr or Tyr kinases, for example a Gly 
at position 24 that is present in the majority of kinases from 
both classes. However, at residues that are conserved in 
all protein kinases, RIP follows the consensus. 

We have found that overexpression of RIP results in the 
induction of a cell death program morphologically similar 
to apoptosis. Deletion of the C-terminal region of RIP span- 
ning the segment of death domain homology eliminated 
the apoptotic response, but deletion of the kinase domain 
did not entirely quench activity. It may be that the overex- 
pression of the death domain itself is lethal to transfected 
cells, consistent with the observation by Boldin et al. (1 995) 
that expression of the free intracellular domain of TNFRl 
has a cytocidal effect on HeLa cells. The induction of 
apoptosis by transient transfection suggests that the level 
of expression or ability of death domain-bearing proteins 
to self-associate may be subject to some form of regulation 
to prevent the spontaneous initiation of apoptosis in the 
absence of ligand or other eliciting stimulus. 

The notion that a stoichiometrically limiting intracellular 
effector is involved in the pathway of Fas-mediated apop- 
tosis is supported by the recent demonstration that maoci- 
mal signaling by Fas and the TNF receptors requires an 
intermediate level of receptor cell surface expression 
(Clement and Stamenkovic. 1994). This result is consis- 
tent with a model in which the initiation of signal transduc- 
tion is critically dependent on the aggregation-mediated 
focal accumulation of a limiting cytoplasmic ligand. which 
can be diluted to the point of inefficacy by overexpression 
of the c II surface receptor. The data presented here that 
RIP is not encoded by a highly expressed RNA, but that 
the transcript accumulates rapidly in response to T cell 
activation, in turn admits the possibility that RIP may be 
limiting for receptor-mediated apoptosis. However, other 
factors may also interact with the Fas intrac llular domain, 
as Sugg sted by the findings that Fas can transmit activa- 
tion as w II as death signals (Alderson et al.. 1993). 



Still unclear is the mechanism by which formation of a 
multimeric Fas complex would result in signal transduc- 
tion. Although enzymatic activity has not been demon- 
strated for RIP, the possibility that it encodes a protein 
kinase is attractive given the proposed participation of 
at least one Tyr kinase in Fas signaling (Eischen et al., 
1994). However, results with the mutant plasmid RIP- 
MycAkinase suggest that any kinase potential RIP has 
may not be required for its induction of cell death. 

In preliminary experiments, a monoclonal antibody rec- 
ognizing murine Fas has been found to specifically coim- 
munoprecipitate a polypeptide of about 59 kDa that reacts 
with anti-RIP antiserum (data not shown). This 59 kDa 
protein may represent a proteolytic fragment of RIP or a 
related protein that is recognized by anti-RIP antibodies. 
Although the evidence that RIP binds to Fas in yeast favors 
a model in which RIP acts directly downstream of Fas in 
a death pathway, it is also possible that RIP has other 
actions, or that the normal physiological role of the mole- 
cule lies in a pathway initiated by other cues. The creation 
of mice or cell lines homozygously deficient in RIP should 
help to address this point. In addition, the elucidation of 
any target(s) of action of RIP may also facilitate our under- 
standing of the role(s) RIP plays in the ceH death response . 

Experlrmntal Procedures 

Plasmid Construction 

The yeast interaction system was modified from that described by 
Gyuris et al. (1993) by engineering the LexA expression plasmid to 
remove an internal Mlut site and to insert Mlul and NotI sites down- 
stream from the DNA portion encoding the C-terminus of the gene. 
The resulting distal polytlnker has the site sequence Mlul-Pmel-Notl- 
EcoR! in the trame in which the Mlul site encodes Thr and Arg (frame 
1). Complete sequences are available from the authors (B. S.) upon 
request. 

Receptor cytoplasmic tails were amplified by PCR from cDN A librar- 
ies and cloned as Mlu(-Notl or BssHII-NotI fragments using the follow- 
ing oligos; Fas, 5'-CGC GGG ACG CGT AAG GAA GTA GAG AAA 
ACA TGC-3' and 5'-CGC GGG GCG GCC GCT CTA GAG CAA GCT 
TTG GAT TTC-3'; TNFR1, 5' CGC GGG GCG CGC TAC CAA CGG 
TGG AAG TCC AAG-3' and 5' CGC GGG GCG GCC GCT GCC CGC 
AGG GGC GCA GCC TCA-3'; TNFR2. 5'-CGC GGG ACG CGT AAG 
AAG CCC TTG TGC CTG CAG-3 and 5'-CGC GGG GCG GCC GCT 
TTA ACT GGG CTT CAT CCC AGC-3'. The Fas cytoplasmic domain 
used in the library screen diverges at the Glu 5 residues prior to the 
C-terminus and continues an additional 25 residues through vector 
sequences to the C-terminus In all subsequent analysis, these resi- 
dues were found not to contribute detectably to either Fas-Fas or Fas- 
RIP interaction. A mutant Fas bait protein analogous to the /pr*" point 
mutation was made by mutating the Val at position 254 of human 
Fas to Asn using the following oligos in a recombinant PCR reaction 
5'-CGA AAG AAT GGT AAC AAT GAA GCC-3' and 5'-GGC TTC ATT 
GTT ACC ATT CTT TCG-3' In tne resulting oonstfucl, residues 330 
and 331 were also converted from Glu and He to Gly and Asn. respec- 
tively Fas deletion mutants were made by PCR with the Fas 5' oligo 
and 3' oligos substituting a stop codon for the amino a/id at the indi- 
cated position, products were subcloned into the LexA expression 
plasmid as described atx)ve CMtgos used were the following (S320") 
5'-CGC GGG GCG GCC GCT TTA AGT AAT GTC CTT GAG GAT 
GAT-3' (K299') 5'-CGC GGG GCG GCC GCT TTA GAG ATC TTT 
AAT CAA TGT GTC-3 (H285*) 5 -CGC GGG GCG GCC GCT TTA 
AAG TTG ATG CCA ATT ACG AAG-3', (K263') 5'-CGC GGG GCG 
GCC GCT TTA GAT CTC ATC TAT TTT GGC TTC-3'. 

A Myc-tagged version of RIP (RIP-Myc) was made by digesting RIP 
clone 1112 with Tfil and ligating a Hindlll-Tfil adaptor to the 5' end and 
a Tfil-Notl adaptor containing the Myc epitope and a stop codon to 
the 3' end The sense (i 45) and antisense (1 46) oligonucleotides com- 
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prising the 3' adaptor were as follows 145. 5'-ATT CGT GCC AGC 
CAG AGC GGC ATG GAG CAG AAG CTC ATC TCA GAA GAA GAC 
CTC GCG TAA GC-3' and 146, 5'-GGC CGC TTA GGC GAG GTC 
TTC TTC TGA GAT GAG CTT CTG CTC CAT GCC GCT CTG GCT 
GGC ACG-3' The resulting insert was cloned into the Hindi 1 1 and 
Not! sites of pcDNA I (Invltrogen). To make RiP-MycAkinase, a PCR 
reaction was performed using a 5' RIP primer (160, 5'-CCC AAG CTT 
GTT GGA GAT TCT GAG CAA TC-SO and an internal kinase domain 
primer (161. 5'-CCC GAT CTG CAG GTC ATG TAA GTA GCA CAT 
GCC-3'), The resulting product was cloned into the Hindlll and PstI 
sites of RtP-Myc resulting in the deletion of RIP residues 132-323 
RlP-MycAdeath was made by PCR using a T7 primer and a Myc tag- 
containing pnmer (151. 5'-CCC CTC GAG TTA GAG GTC TTC TTC 
TGA GAT GAG CTT TTG CTC TTT CTT TAA ACT TGC CAC-3T The 
amplified RIP-MycAdeath sequence, lacking ammo acids 309-656, 
was subcloned as a Hindlll-Xhol fragment into pcDNA I Myc tags 
were located at the C-terminus of all proteins, and thus, detection of 
the Myc epitope requires translation of the entire ctoned sequence 
The BAG retrovirus vector encoding p-gal has been described (Price 
et al., 1987). 

Yeast Strains and Library Screen 

Yeast transformation with library DNA was performed by the method of 
SchiestI and Gietz (1989) as follows Recipient cells, EGY48/pRB1840 
(Gyunsetal. 1993) bearing LexA-fusion protein ptasmids were grown 
overnight m YPAD medium to a density of approximately 10^ cells/ml, 
then diluted in 100 ml of warmed YPAD to a density of 2 x 10* cells/ 
ml and regrown to 10' cells/ml The cells were harvested and washed 
in water, resuspended in 1 ml of water, transferred toa sterilemicrocen- 
trifuge tube, and pelleted The pellet was resuspended in 0.5 ml of 
10 mM Tns-HCl (pH 7.5), 1 mM EDTA. 0.1 M U acetate (pH adjusted 
to 7.5 with acetic acid and passed through 0.2 m fitter) 50 ul of the 
resulting suspension was mixed with 1 ug o^ transforming DNA and 
50 ^g of single-stranded salmon sperm DNA, after which 0.3 mi of a 
solution of 40% polyethylene glycol-4000 in Tris, EDTA. LtOAc was 
added and mixed thoroughly, followed by irtcubatkHi at 30**C with 
agitation for 30 min After a heat pulse at 42^0 for 15 min, the cells 
were pelleted in a microcentrifuge, and the pellets were resuspended 
in 1 ml of Tris, EDTA, diluted, and plated on selective medium. Library 
screening and recovery of plasmtds were performed as described by 
Gyuris et al (1993). 

For assessing the interaction of RIP and Fas with other bait proteins 
cells of the yeast strain EGY48ypSH18-34 were transformed with the 
indicated bait construct ar>d selected on Ura His glucose plates 
These bait strains were subsequentty used for transformation of the 
RIP or Fas library plasmtds and plated on Ura His Trp glucose 
plates Several colonies from each bait/interactor combination were 
picked and plated in duplicate on Ura" His Trp X-Gat plates con 
taining either 2% glucose or 2% galactose, 1% ratfinose The LexA- 
TNFR2 bait strain gave a, weak blue color reaction when grown on 
galactose, indicating spontaneous transcriptional activation by the fu- 
sion protein. 

p-Gal Assays 

Assays o^ crude extracts were carried out as described (Rose et a'.. 
1990) Cells bearing the appropnate bait ar>d interaction plasmid were 
grown to saturation overnight at 30**C in minimal Ura His Trp me- 
dium with 2% glucose The next day, cells were diluted 1 :50 into me- 
dium containing 2% galactose and 2% raffinose and allowed to grow 
overnight Cells were spun and resuspended in breaking buffer (IOC 
mM Tris jpH 8], 20% glycerol [v/v], 1 mM DTT) Cells were lysed m 
the presence of 10 mM PMSF by vortexing with acid-washed beads 
Lysates were cleared by centrtfugatlon. and an aliquot was incubated 
in 2 buffer (Milter 1 972) with 0 6"? mg/ml o-mtrophenyl-^-o-galactoside 
substrate Reactions were stopped with Na?CC^ when an appropriate 
level of color had developed Protein concentrations were determined 
by Bradford assay t^-Gal units were calculated by the equation spe- 
cific activity <nmoies/min/mgt = fOD^jc 378)yftime [mm] vol [ml] con- 
centration [mg/mlj) 

cDNA Cloning 

Additional ck>nes overlapping the primary RIP isolate were sought in 
two libraries an expression library prepared m the CDM8 plasmtd 



vector using mRNA isolated from the human cytolytic T cell line WH3 
and a commercially available human leukocyte library m k phage pur- 
chased from Clontech (HL1169a). Both libraries were screened by 
filter replica hybridization, using radiolabeled probes derived from the 
insert isolated by interaction screening, as well as from subsequent 
inserts identified by hybridization 

To isolate murine RIP cDNA clones, 1 .2 kb of human RIP sequence 
was subcloned into two halves and radiolabeled using the random 
hexamer method (Feinberg and Vogelstetn, 1983) An oligo(dT> 
primed mouse thymus cDNA library from a (C57BI/6 x CBA)F1 mouse 
(Stratagene) was plated out and 10" plaques were screened using each 
of the human fragments on duplicate GeneScreen filters (DuPont) 
Hybridization conditions were 5x SSPE, 10 x Denhardts. 2% SDS, 

0 1 mg/ml herring sperm DNA at 55*C overnight Filters were washed 
in2x SSC, 0.1% SDS at 55°C with several changes over 1 hr Plaque 
punf led phage were isolated with three rounds of screening (Sambrook 
et al., 1989), and in vivo excision was carried out using Exassist phage 
and SOLR recipient cells (Stratagene). Seven independent clones 
were isolated that fell into the four dasses in Figure 2A The coding 
sequence of RIP was obtained as a composite from the cDNA clones 
sequenced on both strands using Sequenase T7 polymerase (United 
States Biochemical) Several nucleotide polymorphisms were de- 
tected between the multiple ck>nes, only one of which resulted in an 
ammo acid difference; a Thr to lie at position 473. Sequence compari- 
sons were done with Genetics Computer Group Inc c MegAlign 
(DNAStar, Inc.) software using default parameters 

RNase Protections and RNA Blot Hybridization 

Tissue RNA samples were prepared from wild-type F VB mice (Taconic) 
by guanidmium thiocyanate lysis ar>d centrlfugation through a CsCi 
cushion (Chirgwin et al., 1979). An antisense probe for RIP made 
from cDNA clone till linearized with Spel was synthesized using T7 
polymerase with an in vitro transcription kit (Stratagene) with the addt- 
tion of 20 mM cold rUTP and 100 ^Ci ["PJUTP (New England Nuclear). 
The ribosoma) L32 probe was synthesized from an XbaMinoarized 
template at 10% the specific activity of the RIP probe The use of L32 
as an internal control for RNA loading has been described elsewhere 
(Shen and Leder. 1992). The in vitro transcription products were 
slightly larger than the protected fragments of 525 nt and 279 nt, re- 
spectively, as expected. RNase protection was earned out as de- 
scribed by Melton et al. (1984) 

For measuring RIP in activated T cells, spleens were removed from 
adult animals and dissociated using a stainless steel mesh Cells 
{ ~ 10' per timepoint) were exposed to ConA (10 jig/ml) for 0-4,5 hr, 
and RNA was prepared as described at>ove Approximately 8 ^g of 
total RNA from each sample was k>aded on a 0.9% agarose, 4% 
formaldehyde gel, electrophoresed, and transferred to nylon filters 
(GeneScreen, DuPont) by capillary transfer (Sambrook et al.. 1989) 
The blot was hybridized with either an RIP probe corresponding to 
the C-terminal half of the protein (cDNA 1111) or with a probe detecting 
ribosomal 28S RNA and incubated overnight in 40% formamide, 4 x 
SSC, 10% dextran sulfate. 7 mM Tris (pH 7.6). and 20 jig/ml salnrran 
sperm DNA at 42**C Blots were washed at 50*C in 1 x SSC. 0 1% 
SDS (RIP probe) or 60*»C in 0 1 x SSC, 0 1% SDS (28S probe) 

RIP AntlMra mnd lmmunopr*clpltatk>ns 

Rabbit polyclonal antisera recognizing RIP were prepared by Pocono 
Rabbit Farm and Laboratory. Inc using a fusion protein containing 
the C-terminal 250 amino acids of mouse RIP fused to maltose-bmdmg 
protein fMBP. New England Biolabs) MBP-RIP was punfied by amy- 
lose chromatography and acrylamide gel elutton For immunoprecipt- 
tattons, RIP was first transcribed in vitro using 15 uQ of full-length RIP 
template in a reaction containing 3.3 mM each ATP. GTP. CTP. and 
UTP 280 U of RNase inhibitor 400 U of Sp6 RNA polymerase and 

1 X Sp6 buffer (Boehringer Mannheim Biochemicals) Translations 
were earned out using a reticulocyte lysate kit containing a lucife''ase 
positive control (Promega) using approximately 4 mCi f*SJMet per reac- 
tion Reaction products were diluted to 1 mlin a modified RlPA buffe' 
(0 5% NP-40, 0 5% sodium deoxycholate 0.025% SDS 50 mM Tris. 
30 mM sodium pyrophosphate. 50 mM NaF, 1 00 ^iM sodium orthovana- 
date [pH 7 6]) containing protease inhibitors and precleared with nor- 
mal rabbit serum and protein A-Sepharose Reactions were split in 
half, 5 ul of preimmune or immune serum was added, and samples 
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were allowed to rotate for i hr at 4°C Complexes were precipitated 
with 40 ui of protein A-Sepharose wasned witn modified RlPA 
butter, and resolved by SDS-PAGE. 

For immunoprecipitation from metabolically labeled cells, a 1 50 mm 
plate of subcontluent NIH 3T3 cells was incubated overnight in Met- 
deftcwnt DMEM (GIBCO/BRL) supplemented with pSjMet ( - 1 00 \iCi/ 
ml). 5% dialyzed fetal calf serum, 2 mM glutamine, penicillin (50 U/ 
ml) and streptomycin (50 ^ig/ml) Cells were lysed for 15 mm on ice 
in lysis buffer (250 mM NaCl. 50 mM HEPES-KOH. [pH 7 5], 5 mM 
EDTA. 0 1 mM sodium orthovanadate, 50 mM NaF, 0 I^Vc Tnton-X, 
100 ugyml PMSF, 2 ug/ml pepstatin, anc 10 ug/m! each aprotonm and 
ieupeptin). scrapea, andspun at 15.(X)0 x gtorlOmin Cleareo lysate 
was predeared as above, followed by addition of antibodies (3 mI of 
preimmune or immune rabbit serum) Immune complexes were har- 
vested with protein A-Sepharose, and beads were washed with lysis 
butter before resuspension m denaturing sample buffer Following 
SDS-PAGE. the gel was enhanced with enlightening solution (DuPont) 
and dried for autoradiography 

Trantfections and Immunofluorescence 

BHK cells were plated the night before transfection at a density of 10* 
cells per 18 mm round coverslip (VWR Scientiftc) CaPO, precipitates 
were made, and cells were reacted with antibodies for immunofluores- 
cence as described by Heald et al (1993) In most cases, cells were 
analyzed 18-20 hr after transfection. The 9E10 anti-Myc antibody 
(Evan et al,, 1985) was obtained as an ascites from the Ha^vara Cell 
Culture facility and used at 20 ug/ml, RIP antiserum was used at a 
dilution of 1 :200 FITC anti-mouse and Texas red anti-rabbit secondary 
antibodies were obtained from Jackson Immunoresearch Cells were 
examined with a Zeiss Axiophot fluorescent microscope 

p-Gat activity in cells was visualized by fixing cells with 0.5% glutar- 
aldehyde for 15 min followed by extensive washing in PBS with 5 mM 
MgCl; Cells were stained in PBS containing 20 mM each K,Fe(CN)e 
and K4Fe(CN)t 3HjO, 1 mM MgCl., and 1 mg/ml X-Gal (5-bromo-4- 
chloro-3-)ndoly(-p-[>-galactopyranoside) until a suitable color devel- 
oped, usually for 2-3 hr To enumerate the traction of blue cells that 
had undergone apoptotic changes, celts were transfected with one of 
the four plasm id combinations described and fixed 1 6 hr after transfec- 
tion Blue cells were included for analysis only if their morphological 
status could be scored unambiguously 
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Agonist antibodies (Ab) to the two TNF receptors, 
TNF-Rl (55 kOa) and TNF-R2 (75 kDa), have been 
shown to signal many of the distinct functions in- 
duced by TNF-a. We have found that anti-TNF-Rl, 
but not anti-TNF-R2, Ab trigger antiviral activity in 
human hepatoma Hep-G2 cells and enhance the an- 
tiviral activity of IFN-7 in human limg fibroblast 
A549 cells. Likewise, anti-hmnan-TNF-Rl Ab had 
antiviral enhancing activity on murine L929 cells 
engineered to express human TNF-Rl. However, 
L929 cells that express human TNF-Rl lacking most 
of the intracellular domain fail to respond to anti- 
human-TNF-Rl Ab. This demonstrates that the in- 
tracellular domain of TNF-Rl is necessary to gen- 
erate antiviral activity. TNF-Rl but not TNF-R2 also 
signals killing of virus-infected cells by TNF-a. Thus, 
all the known antiviral activities of TNF-a are me- 
diated through TNF-Rl. 

TNF-a has many physiologic effects including antiviral 
actions ( 1 -5). It can act alone and in a synergistic manner 
with IFN-7 to protect cells from viral infection (5-7). TNF- 
a also selectively kills virus-infected but not uninfected 
cells (5, 8-10). Moreover. TNF-a sensitizes virus-infected 
cells to stresses such as heat and radiation, while en- 
hancing the resistance of uninfected cells (1 1). 

TNF-a binds two types of cell surface receptor mole- 
cules, referred to as TNF-Rl (55 kOa) and TNF-R2 (75 
kOa) (12-16). Some cells seem to express only one recep- 
tor type, whereas most express both (12-16). The two 
receptors are about 30% identical in their extracellular 
ligand binding domains, but are dissimilar in their cyto- 
plasmic portion (12-16). suggesting that they mediate 
different intracellular signals. Indeed, different activities 
of TNF-a are differenUally elicited by activating either 
TNF-Rl or TNF-R2 (17-20). Recent reports have shown 
that agonistic Ab^ to TNF-R 1 can trigger many responses 
normally Induced by TNF-a including cytotoxicity, cell 
proliferation, and induction of cellular genes (17-20). 
Similar Ab to TNF-R2 have been shown to trigger prolif- 
eration in thymocytes and a cultured T cell line (20). Anti- 
TNF receptor Ab are thought to mimic TNF-a effects bv 
cross-linking the receptors ( 1 7). It is not clear which TNF 
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receptor is resfx)nsible for the antiviral activities of TNF- 
a or if those effects can be induced by anti-receptor Ab. 
To address these questions, we have examined the anti- 
viral activities of known agonist Ab to TNF-Rl and TNF- 
R2. 



MATERIALS AND METHODS 

Cell lines. These were originally obtained from the American Type 
Culture Collection and were free of Mycoplasma. The Hep-G2. A549. 
and L929 cell lines were grown In MEM. F12. and DMEM media. 
respecUvely. All media were supplemented with 5% FCS. 1% l- 
glutamine, 100 U/ml penicillin, and 100 /ig/ml streptomycin (Glbco). 
Cells were incubated at 37X in a 5% CO2 atmosphere. The charac- 
terization of L929.hR1.17 (L929 cells overexpressing inUct human 
TNF-Rl) and L929.hRlA.4 (L929 cells overexpressing a mutant 
human TNF-Rl lacking 182 amino acids of its intracellular domain) 
has been described previously (21). 

Reagents. Recombinant human TNF-a (4 x 10^ U/mg). murine 
TNF-a (5 X 10^ U/mg). and recombinant human IFN-> (5 x 10^ U/ 
mg) were supplied by the Genentech manufacturing group. The 
rabbit antlsera against murine TNF-Rl. murine TNF-R2. and nerve 
growth factor were the same as those described previously (20) and 
were a gift from G. Bennett (Genentech). Polyclonal Ab and mAb 
specifically directed against the human TNF receptors have also 
been described (21, 22). Twelve-affinity purified mAb against either 
human TNF-Rl (981. 982. 983. 984, 985, 986, 993. 994. 1002, 
1011, 1015, and 1021) or human TNF-R2 (1035, 1036, 1037. 1038, 
1039. 1040, 1043. 1044. 1045. 1046. 1047. and 1 048) were obtained 
from B.M. Fendly (Genentech). 

Antiviral assay. A suspension of cells (100 /il) at 2 x lOVml in 
MEM supplemented with 5% FCS was added to each well of a 96- 
well plate for 24 h before the assay. The test samples (50 mI) were 
added to the attached cells In the first column and the samples were 
serially twofold diluted. After 24 h. cells were challenged with virus 
(either VSV or EMCV) diluted in MEM with 2% FCS at mulUplicitles 
of infection of 0.1 to 2.0 and were further Incubated at 37*C- After 
24 h. virus control wells were checked by microscopic examination 
to confirm 90 to 100% lysis. The fluid from all wells was poured off 
and the attached viable cells were stained with 0.5% crystal violet 
In 20% methanol for 10 to 15 min at ambient temperature. C^ll 
viability was determined by elutlng the dye from the stained cells 
with 0.1 M sodium citrate/0.1 M citric acid and 50% ethanol and 
measuring A^o (2 1 ). 

Killing of virus-infected cells. Cells (4 x 1 OVwell) were Infected 
with VSV at a multiplicity of infection of 0.1 and virus was allowed 
to adsorb for 1 h. The cells were then washed three times before 
adding the serially diluted samples of either TNF-q or antlsera In 
F12 medium without FCS After 12 h. the cell viability was deter- 
mined as above 



RESULTS AND DISCUSSION 

Antibodies to TNF Rl have antiviral activity. To test 
w^hether the antiviral properties of TNF-a are mediated 
through TNF-Rl and/or TNF-R2. wt assayed a series of 
agonist Ab for antiviral activity. These Ab have been 
show^n to recognize either human TNF-R 1 or human TNF- 
R2 specifically (21. 22). Pretreatment of human hepa- 
toma Hep-G2 cells with either TNF-a or antl-TNF-Rl Ab. 
protected against the CPE of VSV (Fig. 1 . A and B). This 
protective effect increased with increasing doses of either 
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Figure 1. Antl-TNF-Rl Ab protect Hep-G-2 cells from VSV-mediated 
Hep-G2 cells were pretreated with TNF-a (A), rabbit anti-human 
._ -Rl or TNF-R2 Ab (B). and mouse mAb against either human TNF- 
(mixture of 12 different types. Initial concentration = 0.1 Mg/ml of 
ch) or human TNF-R2 (mixture of 12 different types. InlUal concentra- 
n - 0.1 Mg/ml of each) (C). and the reagents were serially twofold 
uted. After 24 h. cells were challenged with VSV for 24 h. and the 
ble cells were stained with crystal violet as described In Materials and 
thods. 

JF-a or Ab to a point of near complete protection. Higher 
Dncentrations diminished the protective effect of TNF-a 
anti-TNF-Rl Ab, Because high doses of TNF-a and 
iti-TNF-Rl are not toxic to these cells, these data sug- 
est that the high concentrations may inhibit receptor 
ptlvation, perhaps by blocking multimerization of TNF- 

contrast to polyclonal Ab against TNF-Rl , polyclonal 
against human TNF-R2 did not protect Hep-G2 cells 
m virus-mediated CPE. These anti-TNF-R2 polyclonal 
Ab have been shown to exert potent agonist activity in 
lan thymocyte proliferation assays (L. A. Tartaglia, 
A. Palladino. D. V. Goeddel, unpublished observa- 
s). In addition, polyclonal Ab to mouse TNF-Rl , which 
mic TNF-a activity in mouse cells (20), had no protec- 
e effect in human Hep G-2 cells. This demonstrates 
t although mouse and human TNF-Rl extracellular 
mains share about 70% sequence idenUty. polyclonal 
^Ab against the extracellular domain of murine TNF-Rl 
not activate human TNF-Rl. Control experiments 
monstrate that the protective effects of the anti-human 
F-Rl antlsera are due to specific Ab and not to con- 
minants in the rabbit immune sera. The anti-human 
NF-Rl had no effect on murine cells, and its antiviral 
itivlty on human cells could be neutralized by preincu- 
tXon with goat anti-rabbit Ig (data not shown). 
Twelve mAb to human TNF-Rl and 12 mAb to human 
R2 were also examined for their ability to protect 
^Hep-G2 cells against VSV-mediated CPE. When tested 
iNtodlvidually. none had antiviral activity. However, the 
mixture of 12 mAb against TNF-Rl elicited antiviral 
' activity in these cells (Fig. IC). Thus, it appears that 
TNF-Rl may require proper orientation for receptor clus- 
tering and/or activation that are not easily fulfilled by a 
% single mAb. Alternatively, the signal for antiviral activity 
' may require the aggregation of more than two receptor 
^ molecules per complex. Similar results have been ob- 
^ ser\^ed for other TNF-Rl -mediated activities of TNF-a 
tt{\7]. No effects were seen with a mixture of 12 mAb to 
TNF-R2 (Fig IC). despite their ability to act as agonists 
In a thymocyle proliferation assay (L. A. Tartaglia. M A. 
lladlno. D. V. Goeddel. unpublished observations). Hep- 
2 cells express higher levels of TNF-R2 than TNF-Rl as 
Ictermined by flow cytometry using polyclonal Ab (data 



not shown). Thus, the lack of antiviral activity of the 
various anti-TNF-R2 Ab is clearly not due to a lack of 
corresponding receptors. 

TNF'Rl mediates the synergistic enhancement of 
IFN-^ action by TNF-a. TNF-a alone cannot protect 
against EMCV-mediated CPE in the human A549 cell 
line. However, it can greatly enhance the antiviral activ- 
ity of IFN-7 in this cell line (Fig. 2A). Similarly, anti-TNF- 
Rl Ab alone do not protect A549 cells from EMCV-me- 
diated CPE. However, in the presence of IFN-7. f)olyclonal 
anti-TNF-Rl Ab increase the antiviral resix)nse of this 
cell line (Fig. 2B). This synergistic interaction was not 
observed using agonist anti-TNF-R2 Ab (Fig. 2C). The 
combination of 1 2 purified mAb against various epitopes 
of human TNF-Rl in combination with IFN--^ yielded 
results similar to those obtained with the polyclonal anti- 
TNF-Rl Ab. However, when administered one at a time, 
the monoclonals elicited no antiviral enhancing effects 
(data not shown). 

Cytoplasmic domain of TNF-Rl is required for TNF's 
antiviral action. In murine L929 cells, neither TNF-a nor 
anti-murine TNF-Rl has antiviral activity alone, but both 
greatly enhance the antiviral activity of murine IFN-7. 
Anti-human TNF-Rl Ab have no enhancing activity on 
this parental murine cell line (data not shown), consistent 
with the known species specificity of these antibodies 
(21). However, L929 cells engineered to express human 
TNF-Rl (L929.hR1.17) (21) responded to not only anti- 
murine TNF-Rl but also anti-human-TNF-Rl polyclonal 
Ab by increased resistance to VSV-mediated CPE in the 
presence of IFN-7 (Fig. 3A). These results demonstrate 
that the signaling machinery responsible for mediating 
antiviral activity in the mouse can interact with human 
TNF-Rl . In contrast, L929 cells that express human IFN- 
7 receptors do not respond to human IFN-7 (23-25), 
demonstrating that the human IFN-7 receptor cannot 
activate the mouse signaling apparatus; other human 
components are presumably required. 

An L929 cell line that stably expresses a truncated 
human TNF-Rl lacking the majority of the intracellular 
domain (L929.hRl A.4) (21) was also tested for respon- 
siveness to the agonist TNF receptor Ab. Unlike the 
L929.hR1.17 cell line, no antiviral enhancing activity 
was detected with the anti-human TNF-Rl Ab. However, 
antiviral enhcuicing activity was still observed with the 
anti-murine TNF-Rl but not the anti-murine TNF-R2 Ab 
(Fig. 3B). The lack of activity seen with the anti-human 
TNF-Rl Ab was not due to inadequate receptor number 
since the L929.hRlA.4 cell line expresses higher levels 
of human TNF-R 1 than L929.hR 1.17 cells (21). The same 
results were obtained with other L929 clones expressing 
the full length and truncated human TNF-Rl (data not 
shown) Thus, the signaling of antiviral activity by TNF- 
Rl requires the TNF-Rl intracellular domain. This result 
is consistent with the requirement of this domain for 
cytotoxicity (21). 

Killing oj virus-injected cells by TNF-a is mediated 
by TNF-RL In addition to protecting uninfected cells 
from virus-mediated CPE, TNF-a has also been shown to 
accelerate the lysis of virus-infected cells (5. 10|. When 
assayed 12 h after VSV infection, about 75^7 of A549 
cells are viable. However, when the VSV-lnfected A549 
cells were treated with either TNF-a or TNF-Rl Ab. their 
viability decreased significantly (Fig. 4). No such decrease 
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Figures. Anti-human TNF-Rl Ab enhance the antiviral effect of 
murine IFN--> in mouse cells engineered to express human TNF-Rl 
L929.hRl 17 cells that overexpress human TNF-Rl (A) or L929.hRM 4 
cells that overexpress truncated human TNF-Rl (B) were pretreated with 
rabbit polyclonal Ab against human TNF-R 1 . murine TNF-Rl , or murine 
TNF-R2 in the presence of murine IFN-^ {0.1 ng,/ml) for 7 h before VS\" 
infection. After 24 h. percent cell viability was determined as described 
in Materials and Methods 
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Figure 4. Polyclonal Ab against TNF-Rl kill VSV-infected A549 cells 
VSV-lnfected cells were challenged with TNF-a [A] or polyclonal agonist 
Ab against human TNF-Rl or TNF-R2 (B). and cell viability was deter- 
mined as described in Materials and Methods. 



in Viability was observed in response to anti-TNF-R2 Ab 
(Fig. 4), Other control Ab (anti-nerve growth factor, anti- 
murlne TNF-Rl, and anti-murine-TNF-R2) also had no 
effect on the viability of VSV-infected A549 cells (data 
not shown). 

TNF-a combats viral infection in at least two ways: by 
inducing resistance to viral infection in uninfected cells 
(4, 5, 10] and by selectively killing virus-infected cells (5. 
8-10). Unfortunately, high levels of TNF-a are toxic in 
vivo (1.2), and therefore it has been difficult to use TNF- 
a as a specific therapeutic agent. Our results show that 
TNF-a's antiviral activity may be mediated entirely by 
TNF-Rl . It is possible that part of TNF-a's toxicity in vivo 
may t>e mediated by TNF-R2. This possibility is strength- 
ened by the finding that human TNF-a (which binds to 
only mouse TNF-Rl) is less toxic to mice than murine 
TNF-a (which binds both TNF-Rl and TNF-R2) (26. 27) 
Therefore, it is possible that specific agonists of TNF-Rl 
may retain full antiviral activity while causing less tox- 
icity (since the spectrum of activitA*s signaled by TNF-R2 
will not be induced). Additional experiments will reveal 
which of TNF's other effects are transduced by TNF-Rl 
or TNF-R2. This may facilitate development of TNF ther- 

Ftgure 2 Anti-TNF-Kl but not anll-TNF-R2 Ab enhance antiviral 
activity of IFN-^ in A549 tells Cells werf pretreated with TNF-ri 
polyclonal Ab against human TNF-Rl [B]. or against human TNF-K2 {C 
in the presence or absence of human IFN--> for 24 h before adding EMC'\ 
Protection against virus-mediated cell killing was assessed as in Mf^'*' 
rials and Methods 
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les that separate undesirable toxic effects from bene- 
lal activities. 
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»i«nttlin^ 'i'he»«» rindtn^;H eniphajo/e the need U; elucidate how 
i*I>ontnn(H)uii niifnahng an a conaequence of chance rncounlen 
between roteplorK nonrially in prevented 

KXPK Rl M KNTAL TKCX K Dl I RK8 
Tu n hybrid Scretn and Two hybrid ii (kilactoMtdaMf KxprrtiMion 
Ttnt -cDNA mwrl^ wppp rlnn^d by polynipraiM' chain reaction, eilh«r 
fn>ni the fbii tpnjrth cONAti clon»^i previoukly m our l<tbor»tor>', or mMn 
purrhnM^d cUNA hbranra /i-(:AlarU>iiidaM expr«««ion in yoAfcia 
iSn 'i^f) r*»iM)rt^r ^Irani. H**! l:^) trnnKfijrmiKl w»lh Lhe»*» iDN'Aj in thf 
piiHT-H and {><:Ai> <;H v^unm iDNA binding domain iDBD* and arti- 
vrttMT, nonvHin <A1)) »-*)ni»tniCtji. reiip«ctivoly > wan by a hi^uid 

t4«ni nrii, RH well AK hy » filler miMay, which yielded (^UJtlitativoly tii« 
wanie ri«<tijitn (not ^bown> Two hybnd scrreninjr f]4i of a GaU AP- 
tflifgeti h'pi.a ret! cDNA Ubrary iriontech. 7*«Io AJto, CAi for protein* 
that bind to the intracellular domain of the p55-K (p6,VfC). wb* per- 
formed itwinif I he hi Fit yeaJil reporter strain Poeitivity of the i«oloted 
clone* wks auetuHHl by tot prototrnphy of the tmnaforrrnKi ye««t« for 
hiHtidinp wben jfrown in the pre**ence of inM 3-«minotna3u>le. \b) 
/J (s'alHctiwidHae exprptiHion. and «r/ ttpet^ifirity te«t» lint^rHrtton with 
SNr 4 a:id l.irnin fuwd u» i\H\A \)\M)\ 

In Vitn, s^lf (i»m<>ri.i(ion nf H<u Urialtv Prtmlurtd p5ff IC FuMkon Pro- 
trtnt CliiLalhione S tranNf*ra«« * (;HT ) and uluUthwn* S traruferaaa- 
pAfi U' fomt.n prnt^tn HiST U i were prtxfucwd u d«acnbed elae- 
wb»Tf UTj. \H> MalUNie hindint; protein (MHP) fuaior itmt^mm were 
obtjimed miinR the pMaltlCl vMi<)r (New Enjtland HtoUUf and punfiixl 
on an amyione reKiri r«kimn The interaction of the MBP and GST 
fiiMion prf>t#'in« waa inv*Hil ijfated by inruhaUn^ giuLathione-a^^roite 
U'ads fie^urnlially with thi- GST and MBP fuiion prr>teina ib of 
pn}t*'\n.'2{) tx) of beadK), font for hS min and then for 2 h, at 4 X. 
Jnnibation with MBI* fuaio-i proteins was rarri^Mi out in a buffer aolu- 
lion (^miainmif 2(1 mM Thh Ht 1. pH 7 5. li>0 mw Kn. 2 mM TaCl,. 2 rnM 
Mtft I, fl inM dithiothrfiuij, D Tnion X UK). O.iS m»* :>heny»m#thyl- 
• ul(«tnyl HuorMle. «fid ( \ v ) j;! < fmi or. when mdicat^. in lhal ume 
bijflfr (ontair inw 0 4 M KCi r»r ^ mM FI/TA matead of Mgdj AjMocta- 
tion of the MMP fiiHion pro^j»in« wiin aaawaaed by 8DS-pt»IyacryUmi<i» 
Kel elerfn(ph*'r**i»i»< f>f the proteina aaaociaf^Kl -^I'h the ti' jUlh.one- 
oirartm*' Sf-adn. f(j)iowH<i t^y Wpfctem blotnnjt 7V bloU were probed 
With ratibjt anliHerum a^atnat MMP 'pr.Klured in oof laboratory* and 
with horwradiRh p»-rox)Ma»*' hnkrd jff»at ami rabt^l iminunot^lobultn 
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iiv<*tt.r 'tri>' tu'l \ i i l'>n»', Kt-r 17; v-iti* jfrtu* ri m 1 >ijUm-( i-n'n rTitKlttH^d 
LiiKi*-'- lii* ti Of?! ioiifLirnny h)', n'tj/! I n:( »«'rijfti. MX) tinitM''n(l jwnK il 
III), liMl /j;^ Hi. T(r«vl"'^n ir\, h'ui f (1(1,* til! nfoinv) in i.tNA in^**rt» 
,'n('iMiir:|; I hf K <ir p»ir(H f h#>rf if v cr.' uH r'vfjm rfj tnl !» n (t'trrti yt lirii*- 
»<ir.trt)li»^i cKcrt ,.4M>n vrt (or i(M '(iOiO .1, ()ri)>. iJf>f| i»v H It.i)Mi(i) TIm' 
<•^•!i^ WIT,' I .-iinxicvwT. v»'ih tf>»> r*)(()rf«-.)OM i')nt<irii(t *■ ^ij; uf rm 
pl»tf> hv rnJriiin, ph mphnt*- j>r»-< i;)iUit k m m-Mfurfl IHi i;fTfMt« .if 

trtirixicn; .-upo-^K. ,in tif {h«- Irjinfffv f ci i.-iu" ukM-MiM'<l Ht the 

in-'i '.•.■i*-d iirru'f. iiOtM trii/rxiVrl .on in ll * jirrtMoici- (f- jiit-pnci' ->( . 'i 
rvriii-M. ii f^ii'rnli ('^oiivi. o; r«'|;« Kuitiy ( r Hntf'Tt^-d WMiri ihf humnft 
p.'iTi iv'^ ' i A It. ih*' J,; 'i il > iu 1 v«H-l<.r >M'rf rf UthtiKhfil ;»v iratiHfrrtin(/ 

Ciopc* r"«.»:t« i( i4; h , ^TOii.vnn ^i»<'ini ) t-in; jri'H»«i.,n nl t?H' r ;^NA wii»» 

rihu;r.-».i :>v r4'n.<)\,nJ i.; t. t r;H vr h n<'. v. h„ h iM t.t r v*. iw iitiiHitHiMfd 

< wftut Hr,i I . ui i!it*t.-tl i^r-iwih ;nt»i)>ifn 

i»f ih*" ri»cfptoi^ Hn-i of TN'F nn O'll viHlnitty wrrf JtswHt^i'd bv the 
lifij ( red - .'kc n ciImwI ' jhi inciuct inti of ititrrlcikm H H.-H- (j*tie 

TK( I<*'^i(fnt ( MoI#^MiUr R4»M*rtrfh <'«'ni..'r. Iiir i. dirirtturi^d in formst- 
<^phyd«»''rorm**mi(i*' hufTf-r, ••ItH'TmphorFii^Ki ihrf)ufl>i nn n^'An 'ftirmal 

' S^i'K buffer, uHinjj Atanditrd UHhnit^ut'a Kilu-rti wjrf hvbn(J»T-#d 
with H.> Ii. M oPNA prnlK' h iMi. nuc)»Mit kJp** I lirji, rntU()UU'i«»d hy 
rt,ndc.n, prim**.! i/N'A i^t**'iin^ ktl ( H<m hn njfpr , Mflnnht'im, (rfrmanyf, 
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K I Sf'tr-iuNOci avion of thr inlnM?<>11ulKr doni«in of pJV&-R in 
t itrty. «p«^iflr «Moci»tion of Sact4Ti«tIy-|>noduced fusion pro- 
t<»in« containing the intracellular ciomain. Int4^r«rti(>n tx-iwpf:, 
fiimoii (if hom.in pr).'* jC lo .VHI' i MfiT-p.^.O- «nd l« C^ST (/(inr y » ,ind 
thf <»fTrrt of KDTA ^lan^ .? I and inen»fliM»<l m«)i ftjnrentrntion i 0 4 m Kf 'l. 
/on< ^1 int«»riictinn [ntpmrtton nf MHF pA,S.[(" wtth CSTf/un*- / 1 

and ff t;ST p.Sr. ir with ihf ftjuton pn*du<-l of MBP und «n lm*\^'vHl,t 
p^-plid*- (nrK.du^-d 19^ 22» in ih^ m*>uiw p75 '/"NF-H, MBr-p;5-K<'\ lan^ 
f>. popition inditHtrd bv itn arrow > w«*rf nliio l4>«t4!»<J HDS pt»IyHcryUmid<» 
(fel eli-.iniphMrf*;" )<KX arrvU>mid*'i of ih^ inl#r8nirnr prT>t4>in«, fol 
lowf-ii hv WfHUrn MnKing UMinf: fln'i MHP nnt i^tinini, wnx p^rftprmcd 
af> d**f»rnKK»d uiidtT "Kxp+rinipnlHi JViHrdun'F' " 
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.11^; h n>* i< ', ul HH" I'f 1 1 i^^i't tifi v.i:(t tht- 

).i .'HM .1,1 v.M liit . n tr,MiH*.M in > hr 
pti K.-nct' "I trlriH vrlirM' ' 1 ft^^ tr.i . -aIiI' )i 

I ; I I M I H I K t' K j»f f»,ii*J wn . tl, t f H I ►.I»'<t <•(( 1(1 

lin'Iiiinr , I 1 »'l Tfit \ ri, lie TN K MM *• ^.1 n I 

<' ^|iri-<<si.<, I ^ti-< [t^nt'iMi-ft .i' (1 *i!lrf If..!.-' 

Ir, tr-.i,, b-.'h U, j'.i.nA. nt.M,^ l.rH,t»..l|ir>, 

it^'.nudi ilif nT. jilif f f« 1 ; .!( fli ji r»r <l.. 
I'. .in, l/.V' MiKt t(V ii( !*■( (II I fi^f !),( tlllifl 
I!,- f iN»* I.I IIh- rrll*. in,.,/ 

,/,'. ' TIm' M I"< HiMI j of t hr [ nit,M;«<, l.'.l 

iH.pt i st,n'Ar. *.ff (:njl, <,[>,♦' -I lh;.'<- 

( vpt'nrin'ijv w il h nii;iiil,il tv.#.|\ Jituiiitr 
-.1(11- Ml will* h .-..I h ( i.i.Hi nil \ Y, t.K U'H(i ij 
II, .h.Ml,, ,(,■ ,V;^ ,,,,t .i. U I nun. 'il 
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r> \nii,,i,.t r HI. i't (l<H)xvt h<t!n(«>. o IS SDS, I ptM KHTA, nnd 
ihvUirl-.r.vi nin.n.ic' t<i ivHc the ccDs > /D i ]()" 
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,Si'!C ji-h,H .al i'ln <*l tni' death domHin in thr ({ v^iiH oh- 
Mi r\rti !*y fiii j);M. n n i ;rc , on Ht r«M*n ) ii^t i» Ht'I < <*II t DNA lihrtiry 
f>v thi' two-hv^irifi nysU-m technique (14 - fi- pr(jt*»iiiH Umt h\m\ 
u. th*- int r.u<'t] iiiar (Jumaiti of thin rect'pUir. Anionji Uit* cONAh 
whi.H** pr.vdurth Jxjund RfM^cififHll y U) tiu* mlrarcllulHr d<)m;»in- 
(»A].4 i>;in fuHion-prc.U'iri, Hov*>ra! cloni'H rncodcd partu (^f thr 
[ ).''(.'') /< Hil rari'liiii.ir duin;un (p.^.S markrd wiih aHtMrinkH in 

'\'\\v <'Xti*nl n( N j>#»cira (l V in the ^rlf »KHi>f latain ofp^ri-M' and 
tia* paf ta ular r*>,'.<jn invoivcd wan rvalnalrti hy th*' two-hyl>rid 
ti-Kt Tiihlr I Kh((»Wf^ tfi** J<iilitwin>; 'o ) TTa* kpI( iiHKfx int mn of 
p^T) IC \H c-onftncd l.i ii n*^*i(>n withm luv iWaiU (ininain ItH N 
irrnitniiH is (*i<'Mt#Mi Im-Iwo^ti rrHidues and '14 (, itt< <" t^M'ini- 
nus. ridsi' to resuiur 'i'M. is somowhal apstr*'aro (iflh** reported 

tt'raMnu,s (.1 tiiis doin.'iin <roHalu<* 4 14i cSi I)('I('tM>n of the 
nu'mhrpMi* prftxirnai pari of p^'jT. npKtrrnin of the denlh do- 
niaiii rrihanct-d K<»t''nHh(KMatiori, Ki^^^oHtin^ that this r*'>(i«m has 
an inhih;l4>r*\ pfT*vl » MouK*' pfiTi *M'ira'-"'^<KM.Tt<'H and aUo 
a'.^.iK-uiU'h With i\\v dc.'ith domain of human pTtTt K w/j F^xamt- 
i.ation ot ita- kpi;" aHrf<K^t»tion of t]u* mt rac <*llular (inm,.':.M <tf 
ihrcf otlaT rt'ce^J-orH of tho TNf'/NCfr r(*c*'pt<>r farnitv KaV 
CDlO and fhc p7r> TNF rt*coptor t/i3f, hhou'od that 
Kan i( , \\hu h Miv^naln foi rrli doaih hv a rtripieiu *' mot d related 
to lia' prtT) i\ d**at)i domain. self-assfKiates and aMmK'iateB to 
some . Kt«-nt with the pfff* IC H(*wever. ('i)40 v.hirh pn>- 
vi(i*'s growth St tnuilalorv ki^TiHim teven though also (ontauiuiK 
a M'(;\>eiue ieMemi)hn>; the death dc»main). and pV*") K\ which 
hi-aris lit) ;,tni( tun,i re^enddanre to p.^T* K', (ii) riot M'lf imHcx-t- 
ati'. n<»r do they lond i>.%r> iC or Fas- it' 

Afi I i!r\> tf-Hl ot ttie inlerartion of)* p^ridC (iST hat lenal 
fosMin pr;,lein with a p,^^) K' ,Vi'ir fii^ion protein (.otifinnefi 
that p,").'i 'i{ Heir asKtM iatet* and rui^'»i (,ut involvement (»f yeast 
pr'-teioK ' i' l^ i The a.-i?*<K'iation whs not afTett^'d hy inereaH#»d 



nntl roiii I'.it ral ion or hy KDTA i Kij; 1, htftrn .'i Mod ■/ J 

To eviduate the font tMinal imphcMitKinH of iht* ftoiraniux'iJI- 
'ton of the deuth dninatn. we examined the wny in which 
induied expreMMion oi' p5r>-K. or of parlM of it, anecta colld 
«f iiHitive to TNK eytoloxicity UBing un *»xpre«8ion v<*ctor that 
permit** ntnrtly I'ontroHed cxpresHion of Iransfect^^d cDNAb by 
a tetrarychne re^oil'ded transactivator (J7). we found thai 
m<'rely increaHiniC prir>-K expresKion in iiel<a crdH by expreiwion 
of transiently trannfettod cDNA for the full l#»n(fth receptor 
fvhulted in i^vnle extennive ceil death Kven >fT eater cytotoxicity 
waM observed when exprehnnijc juHt pJiT* it' ( Fi^n. 2 and and 
fh Sii^nifuant cytotiixicily wan alnn ohnerved when exprenninif 
jtiHt the death domain In contrast, expresHion of parla of the 
p55 IC that lacked the death domain or contained only part of 
It (or expreRHion of the iuciferaRe (fene, uned as an irrelevant 
contr<d i had no effect on cell viability. Exprenaion of Ka» IC did 
not reHuIt in cytotoxicity, yet ni^ificant'y enhanced the cyto- 
toxicity of co expresned p55-R (Fig. 2l The cytotoxicity of 
pr>5T(' wan further confirmed iLMinj; cellii Htabjy transfected 
with it« cDNA, theKe celU rf>ntinued to jfrow when p.S.S-iC 
expreRHiim wah nf)t induced but died when pftfy-lC wa» ex- 
prertaed ( Ki^f. .'K') 

We examined aUo the efTectfl of increaaed expregaior of 
pf)5 R and expreHsion of junt the intracellular domain of the 
rereptor on the trannrnption of IL-H, known to be activated by 
TNF 1 19) Ak shown in Fig 4, trannfeclion of Hel^ celU with a 
t/»tracycline-controlle<l construct encoding the p55-H cDNA in- 
duced IL M tranftcnption An even Htronger induction wa* oh- 
Herved in cells trnnifotted with the cDNA for p55-iC in both 
cnneH, the rnductior mcurred only when tetracycline was ex- 
cluded fnfm the cell >;rowth medium, indicating that it occurs 
au a conM(M|uen( «■ of expreHHion <)f the irannfected p.^5-R or 
pr^r* K' TrannffH tion with tferaw cPNA, nn a control, had no 
effect on ii>-H transvpiption 

OlM I'SMON 

Studie*t empU)ying the two-hybrid t<*chnique suggested that 
the intracellular domain of the pfi.S-K Aelf-aR»oci»t«»8 and lo- 
cated tfnw HelfaHsiM i«ti<»n to a part of a region foun i to be 
critical h>r wignaling by thm recept4)r (Ref 4 and the preneiit 
rejMtrt. see hImo iCef Further te«ti« confirmed that thin 

aHKiHifltion If* not arttfactnal. as may well n^rnr m the yeant 
genelu tent ^?Ak aiai iri(ii(at«'d that it han functional conae- 



(rMn«.Vi<u>^ wuh p^W-K or U« intr^t 
<*r>Uul*r ticti-nMin- kir)t>U<' «tu<iy of 

/♦•riucil- 4, TNI* »»*<'*'p(»ir [>t «*H«tiiri itn 
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(ju*'iK'<'> Tnt' Hi-ii ,inH<M lilt inn louid b*- hhnvMi t'> fK-( ijr n\**u in 
ritm, UKin^ < .ST nfifi NIH}* pTi') 1(' i'usu.m pr<it4'ifiM. ttnin ruling 
(lul inv<iivfnu'iu <*l voh^I pmUMnK nr ofttir \ \)\M) or Alt ux 
thift j«H»<Ki,it jon MniPijvri'. tlip ox,rt**cW'd ru;'ctujn..i r(>ns(' 
juoncr ot 1;hh MtHMnt khi CftuM (liTiioriMt rfil*'<i, nimifiv ik ■ 
ciirrenrr lu' f*ponuin<*{>u« Ht^ntiiin>f und*'r ronditioriH thnt |H^rnnt 
r^H-fptor ai;i(:(V»;8t ion A men* inr reuse m prt^-K t xpn'MKiun. or 
rvt-n t*xpn n jUKl <;f th*- inti <it*'l, ulur ciom) n (tft^r rtHrptor 
or of itH dc^iin rJwtnrtin. wjiH (".niriij tu Ik* HijlTujcnl to Iri^^cr 
Hi^ftSint; ^(<r ryl^>t<^xic»ty for »^x^>rpshH>fi t^f th** TNK- 

NoTnai<v. coiU cxprfMM.n^ tnn pr,') K do not t'%U\h\i TNK 
cfTectH viniiMh fxpiisC'vi U> i.iif* (-ylokaic (VcHUiinilh v, ifllf* pOH- 
>*»'KH nomr n^c^ ^Mwiinmn tlijil r»Miiirr vlio -^t'lf iiNNiH nil ion ot tin* 
riH'f'pt. - nnd irr4>.>M» on it ii^rHnri c«'tM>ntii*Tir*' r;ot>.iblv HrlT- 
associHlion ch^' r-.-i^i-ptors i« m pjin rrstru t<*d by min hrtnisnis 
U;Ht fr.iiiri*j-,;r. u"i,'*ir solf-Nurft»ce expr^'ssion «t a low level It 
IT. AY aUu rf^lrut^ii i>y conftlramts *mfK»Hed on ihi^ deRlh 
dt^mtiin ifi t»S<» re<r*ptor by other r>^gu>n« m ihe pf)r>-K moI<»rule 
To Honi* ♦•xti'nt, H»»ir aHfi^x^iution of tb^ d^atb Homam sefmH to 
1>H jnhibiied by the memhrano proxirnai part ofth** intrnceliu- 
tar doroKin iTabio i\ Ci-yRtaUo#o'rtphtc HUid»e« of the extrncel- 
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Ki< 1 I. if^iind- independent induction of IL-H gvnv expmwion 
in Hrljt r^Un tmnmtt^i^ with p&l^H or iU intracellular dom«in. 

A, Norib* rn wnalvsu nf HNA i7 ^icf)Hnv\ extracted fmnn WoIji ■ >iTt« 1 / 
celU, untr»>Ate<l or freaUnJ with TNT iF*<)0 unitjt'ml (t,T 4 h, Butorndiotf 
mphv p«*rforrn«-(i for f> hi, or Ibr HTu-I crWn 24 h mfifr tbeir trHn«rer 
lK)n I in the pr^iu^ncp or «bM«*nt-e uf i«»tf (»ryc"trn** * with pf)r> IC, tho pr>f>- K 
or lurtfrrB*r rr)NA 'nutorHHiojfrMphy for IH h ' fl. mrth^ U^n* hliir f^taoi- 
ina nf IMS rHNA i't»r other drtniln, wm» " Kxf>enmenl«) )*n»refhireM " 
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'■i .ITi iniiMMiwiA rfTc'-t , ;]\, \ i.ui:, .tie ( h.it. 

i '^i , :/H' i'Xt rMCi'lluiai (ioTtunnM ncn^hUjriny pfiTf i' Tntitr 
< ■ ,iri' t:ipjil)if (#1 tnlcr.irdn^ m n v^iiv llial olMiiilrH iinmiki 
i-h ol U »'if inl raii'iluiwi iiuitit»iHH ' Si.i fi H . t iTint hni nuiv writ 
'V'i! •(imfif .inf»ii,w Miniinlinj; Ity itic -im i-ptor « iinil ii)jr>w llint 

lulitr ()<»(();(, flM (ri Kt.'lf -IM^'H lilti- iwiiv iiMcr TNT' lltniJlMK 
I ir- i I If ri' ,liulMr ilorniiM '-'hh' AT' > ! , wIim h Itrnt » nuirkiMl 
Kiruct ur;.; hi rtn iiir'.t y u> th.it n/ ( hr l< iincl (hal ^lk(•v^t-^■ 

^i^'iinl ; fur cli ti.'n: li. was funiKi to s^-lf aHMK'iiiti* and tf'us 

tn^^'.'f K^J^ru,!^i1^^^ "-iiKK-"^* ' t^i'»t tf.iM rrrrptor. 1<m(, plavH jin 
ari.vt' roir in lix Ji,;^'rf^at h m ami i4 milii*-t lo toiun)) ntnini 
iii-4ivi^ IfKH Mnta;,M!,i/r Mk ,)r.»jM*nM!t v l*- H^>\i aMNtK-uttr ThtN nniv 
v\«-ii til** ifiKt' aUo fur a rtdnilMT <»! other rcrrptorH, fur 
ivroMinc ktiuiM*' rtn cplnrM, i fult»(lttn; Nru, 
»;i<ifrni(il ^;n(\Mlj faclor MH'rpl4)r, that arc 
tvMirui, jii^t likr ihc pfifi r<. Id Hi^^tiai hpnr\tMn4»*>UH|y whrn rx- 
pri'HKfMi i,t )n>.;fi ic'vrlM (ih .wli aw aCU-r (li U-'ion afthrir I'xtra- 
cfllular (ioniain ( <v. r , iu-fs 'jr, ^7, and reference** thenMni 
Iriten'HltnKlv, the pTSTNr recrptor, I'vrn UH(U^;h it haw. like 
pSr> K and KaH/Ai*<), (he nhility to Hi^nal fur ctdl death (2Hi. 
d.N'H not diHjtJav M-lf awMiH-iat .on, nor diH'K a l.t»{h level (jf r^- 
pM h..-.M.(( wf ccfA'pidr rrwull m '>p<)ttt.: n<'(tn»» HUMialtn^ 
Appurrntly, ( he rTrMii- of m^^nahny for icll di-uth hy ihiN rei'ppi4tr 
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Hcrvr lu iortify the Bi^ifrejfaU-d Mta(e impoMfd on ihem hy their 
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It niav auK^nienl Hij^naiin^^ and also provide wayH for mrxiuin- 
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rrosM talk Ix'tWfeii thf* two coll dt-ath ;ndiKin^ receptors (7*. 

Till' pn»;>enK*ty of thene receptors to Helf-nHnOCiate may per- 
noi atho a kind of df ranjjement fd re^fulatHm that would not Im» 
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M(uali,aiH in whu h the mechnnismH n-Htnctm^ the self-aHsoci- 
;.unn of (hr rerept(.rs fail to fiinctmn projuTly Such lianr.d 
indi'ih'tniviM functifm iw. in the caw*' of ^frowth factor receptors, 
a wci; know n cauM- r.>r the unconl rolir<i (^Ttjwth (rf inali>,T-iant 
rr!ls in receptors that Ki^,a) for cvt/)toxicity. it mayconlnhute 
to uiKal!*'(i for death of celiw. as ohMi-rved. for example, m 
i<'>i]onH.' to ci.*,.pa; f;ir viru-^es and varnaiK i*lher patho^rriH 
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Induced shedding of the pK tumor necrosis factor re- 
ceptor (p55.R) was previously shown to be independent 
of the amino aeid sequence properties of the intracellu- 
lar domain of this receptor. We now find it also inde- 
pendent of the sequence properties of the transmem- 
brane doaudn and of the cysteine-rlch region that 
constitutes most of the extracellular domain of the re- 
ceptor. The shedding is shown to depend solely on the 
sequence properties of a small region within the spacer 
that links the cysteine-rich region in the extracellular 
domain to the tran sm emb r ane draudn. Detailed tests of 
effects of mutations in the spacer on the shedding indi- 
cate that the p r o c e ss is independent of the amino acid 
side-chain identity in this region except for a limited 
dependence on the identity of 1 residue (Val-179), lo- 
cated downstresm to the putative rai^ desvage site of 
the receptor. It is strongly affected, however, by Mme 
mutations that seem to change the conformation of the 
spacer region. These findings suggest that a short amino 
acid sequence in the p55-R is essential and sufficient for 
ita shedding and that the shedding is mediated either hy 
a protease with limited sequence specificity or by sev- 
eral different proteases that recognise different amino 
ueid sequences* yet H strictly depends on some confor- 
mational features of the cleavage region in the receptor. 



Many cell-surface proteins occur also in soluble forms (see 
Refs. 1 and 2 for review). Some of these soluble proteins are 
produced independently of their corresponding cell-surface 
forms. They are translated from distinct transcripts, formed by 
alternative splicing mechanisms from the same genes as those 
encoding the cell-surface proteins. Soluble forms of other cell- 
surface proteins are proteolytically derived from the corre- 
sponding cell-surface molecules. Whereas there is quite de- 
tailed knowledge of mechanisms of the former kind (3, 4), little 
is known of the proteolytic mechanisms by which cell-surface 
proteins are shed. None of the proteases contributing to the 
shedding has been identified so far, nor is there any knowledge 
of the way in which these proteolytic activities are regulated. 

In the present study, we explored the mechanisms of forma- 
tion of the soluble form of the p55 tumor necrosis factor recep- 
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Ness-Ziona, Israel, and Ares TVading S. A., SwiUerland. The cosU of 
publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked ^advertitemenr 
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Fax: 972-8-343166. 



tor (TNF-R)." Both this receptor and the other molecular spe- 
cies of TNF-R (the p75-R) are sin^e transmembrane domain 
proteins, in which the extracellular domains bind TNF and the 
intracellular domains provide signals for the TNF effects (5- 
12). The TNF-binding regions in the extracellular domains of 
the two receptors are similar. They are comprised of a con- 
served cysteine-rich sequence, found also in the extracellular 
domains of several other, evolutionarily related receptors (the 
TNF/nerve growth factor receptor family; (13)). In the p55-R, 
this cysteine-rich module is located at a rather short disUnce 
from the transmembrane domain (16 amino add residues), 
while in the p75-R, it is linked to the transmembrane domain 
by a rather long spacer region (of 56 amino acid residues). 

Soluble forms of the p55 and the p76 TNF-Rs, whose struc- 
tures correspond to those of the TNF-binding regions in the 
corresponding cell-surface receptors, occur in various body flu- 
ids (6, 14). They can be also discerned in the growth medium of 
various cultured cells (10, 12, 16, 16). These soluble receptors 
bind TNF in a reversible manner and consequently ar« capable 
of serving as n)ufrering* agents for this cytokine; they restrict 
the availability of TNF to the cell-surface TNF-Rs yot can also 
extend iU functional duration by sUbilizing the TNF molecules 
to which they bind (17). Formation of the soluble TNF-Rs is 
increased in various disease states, as well as after TNF iiyec- 
tion. allowing these proteins to function as feedback regulators 
of TNF activity (14, 18). Induced formation of the soluble 
TNF-Rs can also be observed in cell culture. A variety of cells 
produce the soluble TNF receptors when treated with 4p-phor- 
bol 12-myrisUte 13-acetate (PMA), a well known acUvator of 
protein kinase C (16. 16, 19). Some cells have been found to 
produce soluble TNF receptors in response to cell-specific bio- 
logical stimuli. Granulocytes, for example, produce the soluble 
receptors when treated with the chemotactic peptide formyl- 
Met-Leu-Phe (20), and T cells produce them in response to T 
cell mitogen; (21). 

When eflectively induced, formation of the soluble TNF-Rs is 
accompanied by a marked decrease in the amount of cell-sur- 
face TNF-Rs (19, 22, 23). This phenomenon, the rapidity of in- 
duction, and the fact that soluble TNF-Rs can be generated by 
cells transfected with the cDNA for the cell-surface receptor, 
thus excluding the possibility of alternative splicing (10, 16), 
indicate that the soluble TNF-Rs are formed primarily, if not 
solely, by proteolytic cleavage of the cell-surface receptors. Se- 
quence analysis of soluble TNF-Rs isolated from human urine 
suggested that the cell-surface TNF-Rs are cleaved in the spacer 
region between the cysteine-rich TNF-binding domain and the 
transmembrane region. Two different C termini were found for 
the soluble p66-R isolated from urine. The migor C terminus is 

' The abbreviations used are: TNF-R, TNF receptor. EGF-R, epider- 
mal growth factor receptor hu-p55-TNF-R, human pS5 TNF receptor; 
p55-R, p66 TNF receptor; pTS-R, p75 TNF receptor, PMA, 40.phorbol 
12-myri8Ute 13-aoeUte; PV. pervanadate; TNF, tumor necrasis factor 
DMEM, Dulbeooo's modified Eagle's medium. 
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Aan-172, 6 amino acids downstream from the C-tmnina] cy»- 
t«ine in tha extracellular domain (Aan-172) (10), A minor frac- 
tion of the protein is longer by 2 residuea, having 1^174 as a 
C terminus (24). The m^or C terminus of the soluble p76-R 
isoUted from urine corresponds to VaI-192, located 14 amino 
acids downstream from the C-terminal cysteine.' 

lb investigate the shedding mechanism of the p65-R, we 
examined the naturo of the structural specificity in this pro- 
teolytic process. In an attempt to define the relationship be- 
tween the structural requiremenU for the shedding and for the 
signaling activity of the receptor, we examined the effecto of 
cytoplasmic deletion on these two activities. C-terminal tnm- 
cation of the receptor by more than 21 residues prevented sig- 
naling for the cytocidal effect of TNF. However, deletion of the 
intracellular domain, even when practically complete, did not 
interfere with either spontaneous or PMA-induoed shedding of 
the receptor (19, 26). In contrast, receptor mutanta lacking the 
spacer region were not shed while still having the ability to 
trigger the cytocidal effect (25). In the present study, we exam- 
ine the shedding of chimeric molecules in which various parts 
of the p65-R were replaced with corresponding regions in the 
EOF receptor (EGF-R), a receptor that is poorly shed. Our 
analysis indicf.ted that the spacer region in the p56-TNF-R is 
essential and sufficient for iU shedding. Further examination 
of effecU of mutations within the spacer on shedding suggested 
that the proteolytic cleavage of the receptor is affected only to 
a small extent by the nature of the side chains of the amino acid 
residues in this region but is strongly dependent on the confor- 
mation of the spacer region. 
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EXPERIMENTAL PROCEDURES 
Construction of pSS'TNF R MutanU and pSS R EGF R Chimem3— 
The cDNA of the hu-pSS-TNF-R ( 10) wa« digested with Bamll and NheL 
resulting in removal of most of the 6'- and 3'.non<oding sequences. The 
P55-TNF-R mutanU were gene^ted by oligonucleotide-directed muU- 
tion. using the Altered Sites mutagenesis kit (Promega). The muUtions 
I**"*,?!!!!!™*** sequencing the regions of interest FragmenU of the 
hu.p55.TNF .R and of tl.« EGF-K cDNAs used for creation of raptor 
chimeras were produced by polymerase chain reaction, using the Vent 
DNA polymerase (New England Biolabs). For reasons of availability at 
different sUges of the study, some of the chimeras (employed in the 
expenmenU presented in Figs. 1 and 3fi ) were constructed using mouse 
EGF-R cDNA (26). kindly provided by Dr. D. Oivol of the Weitmann 
Institute (Rehovot. Israel) and othen (employed in the experiment jre- 
sented in Fig. aC) using human EGF-R cDNA (27), kindly provided by 
urs. G. Merlino and I, PasUn (National Institutes of Health). The 
vanous chimeras were constructed as follows: construct 2. residues 
-28-181 of the hu-p55-TNF-R were linked to residues 623-654 of the 
mouse EGF-R; construct 3. residues -2*.168 of the hu-pSS-TNF-R were 
hnked to residues 611-664 of the mouse EGF-R; construct 4, residues 
-28-168 of the hu-p55.TNF-R were linked to residues 62»-«54 of the 
mouse EGF-R; construct 6. residues -2a-181 of the hu-p55-TNF-R were 
hnked to residues 611-654 of the mouse EGF-R; construct 6. residues 
-24-^ of the human EOF-R; construct 7. residues -24-611 of the 
human EGF-R were linked to residues 170-181 of the hu-p55-TNF-R. 
and those were linked to residues 621-663 of the human EGF-R lb 
facihute cloning of the fused receptor fragments, restriction sites were 
introduced into their nucleotide sequences; consequently. Gly-611 and 
Cy8-612 m the EGF-R were replaced in construcU 3 and 6 with serine 
and phenylalanine residues, respectively. Ile-624 in the EOF-R in con- 
i^!^^.^ ^ replaced with a phenylalanine residue, and Glu- 
610 Gly.611, and ne-622 in the EGF-R in construct 7 were replaced 
with glycine, serine, and phenylalanine residues, respectively. For con- 
stitutive expression of the wild-type or mutated receptora in Ad cells, 
they were introduced into the eukaryotic expression vector pMPSVEH 
(28) kindly provided by Dr. H. Hauser (GesellschaR fUr Bitechnolo- 
Jnsche Forschung mbH. Braunschweig. Federal Republic of Germany), 
which conUins the myeloproliferaUve sarcoma vinis pn>moter. For 
transient expression of the receptora in COS-7 cells, they were intro- 
dua^ into the pEXVl vector (29). which conUins the SV40 virus en- 



^ Villa. U. Bucciaretii, and D. Wallach. unpublished daU. 



P«wiet«^ In aU of the hu-pW-TOF-R oonstnicU ea- 
pressed in OOS-7 cells, the rsoepCor was cytoplaaaucaUy truncated A«m 
residue 207 downstream (in addition to the other specified muUtaons) 
OmattMitft amd lYumMmt SxpmmoH of the WUd typt amd Uuiant 
R€ ctptot» A 9 (90) and 008-7 (31) oella were cultured in Dulbeoco's 
modified Eagle-B medium (DMEM) containing 10% fetal calf serum. 100 
umta/ml peniciUin, and 100 ugM streptomycin (growth medium). TV 
«1U were transfected with pMPSVEH eapres»on oonstnicU to- 
Rether with the pSV2neo plasmid. and eell colonies oonsUtutively e«- 
pressinff these construcU were isoUted as previously described (19) 
THnaient expression of pEXVl eonstrucU in COS-7 cells was as de^ 
•rt>ed earlier (32), Briefiy. 1 day after the COS.7 celU were seeded at 
W% cell density, they were transfected by applying the DNA of the 
cons^ucU to them for 4 h at a concentration of 3 pgm in DMEM (4 
mVXO<m dish. 10 m]n$<m dish) containing DEAE dextran (200 tiB^ml. 
Pharmada. Uppsala. Sweden). The cells were then rinsed with DMEM 
andincubated for 2 min in phosphate-buffered saline (0.154 m sodium 
r^^_S.l"* ^^/^ phosphate, pH 7.4) containing 1 mM CaCL, 

1 mil MfCl^ and 10% (v/v) dimethyl sulfoxide. The cells were rinsed and 
farther incubated for 10 h in growth medium and then detached by 
trypsinisation and seeded either into 1.5-cm culture plates (10^ cells/ 
plate) or (to aasess the shedding of meUbolically Ubeled EGF-R) into 
l5-cm plates (1.2 x 10« oella/^lato). Expression and efficacy of shedding 
of receptora encoded by the transfected construcU were sssessed 43 h 
later. 

Determinaiion of BUuling of TNF and EOF to CW£»-Reeombinant 
human TNF-a (6 x 10^ uniU^ protein) (Genentech Co.. San 
Francisco), kindly provided by Dr. G. Adolf of the Boehringer InsUtute 
(Vienna. Austria), was radiolabeled with chloramine T to a specific 
radioactivity of 600 Ci^fimol (33). EOF (3-uregastrone. Boehringer 
Mannheim) was labeled with »I to a specific radioactivity of 300 Ci^ 
mmol. using the lODO-GEN reagent (Pierce), following the instructions 
of the producer. Binding of radiolabeled TNF and EOF to cells was 
determined by applying them to the cells on ice at a concentraUon of 1 
mi. either alone or with a lOO-fold excess of the unlsbeled cytokines, as 
previously described (19). 

Mt^urement of the Shedding of the SoiubU Forms of hupSSTVF.R 
and EGFR-A9 c^\U consUtutively expressing the transfected am- 
strucU were seeded 24 h prior to the assay into 1.6<m tissue culture 
plates at a density of 2.6 x 10» cells/plate. COS-7 cells expressing tran- 
iienUy ^andected construcU were seeded into 1.6-cm Ussue culture 
p ates 48 h prior to the assay as described above. At time 0. some of the 
iSJJI^'* **" ^ determine the binding of radiolabeled TNF 
or EGF to the cells prior to induction of shedding. Tlie medium in the 
other plates was replaced with fresh DMEM (200 )il/plate) either with- 
out serum (for teste in which PV was the agent used to induce shedding) 
or with 1(>% fetel calf serum (for the other teste). Unless otherwise 
indicated. PMA(20 ng/ml) or PV (100 pM. prepared as described in Ref. 
34) was spphed to the cells for 1 h. Application of ehloroquine (60 pg^ml). 
ammonium chloride (10 nui). or cycloheximide (60 \igfm\) to the cells 
was done 30 min prior to spplicstion of PMA or PV. followed by Auther 
Incubstion with these agente for 20 min after addition of the latter 
reagente. Upon terminaUon of incubation with the shedding inducing 
agents, the plates were transferred to ice to determine the binding of 
radioUbeled TNF or EGF to the cells. The smounU of the soluble 1^ 
of the hu-p65-TNF.R in the cell growth media were determined after 
oentnfii^tion at 3000 for 6 min to remove detached cells and ceU 
debns. followed by 6-fold concentration of the media using the SpeedVac 
concentrator (Ssvant InstrumenU. Inc., Farmingdale. NY). The detei^ 
minaUon was performed by two-site capture emyme-linked immu- 
noeortient assay using a mouse monoclonsl sntibody and rabbit anti- 
serum against this protein as described (36). 

lb sssess the formation of the soluble form of the EGF-R. COS-7 cells 
transfected with the EOF-R construcU (1.2 x 10* cells, seeded into 
16-cm dishes as described above) were labeled with (*^Jmethionine by 
"I?!^^ h at 37 -C in DMEM (methionine-fVee) conUining 70 
pCi/ml ["Slmethionine and 2% dialyied foul calf serum. The cells were 
A ^^^^ Incubated for 1 h in growth medium conUining 

PMA (20 ng^l). The medium was collected, cleared of cell debris by 
spinning, and then further cleared of proteins thst nonspecifically bind 
to protein A by incubaUng it twice at 4 «C for 4 h with immobilised 
protein A ( 100 |iV7 ml medium/plate. Repligen Corp.. Cambridge, MA), 
once alone and once in the presence of 10 itg of irrelevant mouse mono- 
clonal snUbodies. ImmunopredpiUtion was then performed by incubs- 
tion of the medium ssmples st 4 *C for 2.6 h with s monoclonsl antibody 
against the human EGF-R (628 (Ref. 36); the same immunopredpiu- 
Uon pattern was observed when snti-EGF-R monockmal antibody 106 
(Ref. 37) was used) or. as a control, with a monoclonal antibody against 
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Pk. 1. Kinetics oftlMefrecU of PMA 
aBd PV OB forMtion of the eolable 
forai oTthe hii-p5A-TNF^ (A and H) 
and OP ti j i pi io n of the crikwurfacc 
hv-pSfr.TNP.R (A and and eeO-MT- 
fiM aMMM EOF-R (C and F) in doBOT 
^ ^1,,^ rnnrtlhiH i iilj imii n— 

them iieftprnmeU) and in COS-7 ealla 
Uurt tr a n riant ly exprm thmn (H^hi 
pomeUy. O. spontaneous sheddinr. ■ 
shedding indueed by PMA (20 na); 
■hedding induced by PV (100 tiM). Both re- 
ceptors were cytoptasmicaJly truncated 
(hu-p65-TNF-R, residues -28-206; mouse 
£GF*R, residues -24^654). A9 cells ex- 
pressing the full-length receptor exhibited 
»imi*iir kinetics of shedding ( 19). PMA and 
PV were applied in A, B, Z>. and E 10 min 
afler the beginning of the test and in C and 
fat Ume 0 (arrow). Cell-surface binding of 
radiolabeled TNF and EOF and concentra- 
tions of the soluble hu-p55-TNF-R in the 
cell growth media were determined at the 
indicated Ume poinU as described under 
"Experimental Procedures * 
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the hu-p56-TNF.R (29 (Ret 38)». each at 5 iig/sample. followed by fiir- 
ther incubation for 2.5 h with immobilized protein A (40 pi). The protein 
A beads were washed three times with phosphate-bufTerMl saline con- 
Uining 0.2% sodium deoxycholate and 0.2*1' Nonidet P-40. and the 
proteins bound to them were then analyzed by SDS-polyacrylamide gel 
e^ctrophoresis under reducing conditions (7.5% acrylaraide). Autora- 
diography was performed after treatment of the get with the Amplify 
intensifying reagent ( Amersham International pic, Amervharo* UK). 

Prewentation of the Data—All data on receptor shedding pmented in 
this paper are represenUUve examples of at least four experimento 
with qualitatively similar resulu. in which each construct was tested in 
triplicate. As explained under -ResulU." the efHcacy of construct ex- 
pression varied rather extensively (in their constitutive expression 
among different cell clones and in their transient expression among 
different constructs). The data on the extent of shedding have therefore 
been normalized by relating them to the initial receptor levels in the 
cells prior to the induction of shedding. The amounU of receptors ob- 
tained after induction are presented as percentages of the their initial 
smounto. and the amounta of soluble receptors formed as a consequence 
oj' the shedding are presented in relative uniU. i.e. amount of soluble 
receptors produced during shedding induction (in pg) per amount of 
cell-surface receptors just prior to ihedding induction (in cimi k 10** of 
cell-bound radiolabeled TNF). Tb save space, since in no case did this 
normalization affect the qualitative character of the data, only an ex- 
ample of the data prior to normalization is presented (Fig. 2). Likewise, 
just an example of the data of the spontaneous shedding is presented in 
Fig. 2. as in all constructa tested, the efTicacy of spontaneous formation 
of soluble receptors was proportional to the efficacy of shedding induced 
by PMA or PV. Residue numbering in the hu-p&5-TNF.R is according to 
Ref 9, in the mouse EGF-R according to Ref. 26, and in the human 
EOF-R according to Ref. 39. 



RESULTS 

General Features of the Thst Systems 
EfTecta of mutations in the hu-p55.TNF-R on ita shedding 
were assessed by employing two ways of receptor expression. 
Initially, mutation effects were assessed by constitutively ex- 
pressing the mutanU in the mouse A9 cells, which are highly 
sensitive to the cytocidal effect of TNF. This allowed us to 
determine the relationship between the structural require- 
menta for shedding and for signaling for the cytocidal effect ( 19, 
26). Uter on. having found that the shedding and the signaling 
involve different molecular structures, we employed a more 
rapid and less laborious way of assessment by transient expres- 
sion of the mutanta in the monkey CX)S-7 cells. Because the 
intracellular domain is not necessary for the shedding ( 19, 25 », 
an intracellulariy truncated form of the p55-R, which could be 
expressed more eflficienUy than the full-length receptor, was 
used in the transient expression testa. Similarity between the 
shedding characteristics of mutanU expressed in the A9 cells 
and (with the additional C-terminal deletion) in COS-7 cells 
confirmed the equivalence of the two test systems (see Figs. 1, 
3, 6, and 6). 

In both the A9 and the COS-? cells, PMA, known to activate 
protein kinase C (40), and pervanadate (PV), which augments 
tyrosine phosphorylation (34). induced effective shedding of 
transfected hu-p65-TNF-R. This induction was manifested in 
decreaaed TNF binding to the cells concomitantly with en- 
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Fig. 2. Inrei^ rel«tkm«hlp between •haddiM •fllcacy oT th. 
verioue h«i.p56.TNF.R proliiie-tvplaeeMB^ their 
^ lr*''r5?2t*!^P7?!2? tnm^Ujr tnmefected COS-? c«Ik. A, 
binding of '»I-Ubel«d TNF to cell, of the tranafected cultura jurt prio^ 
tothe induction of .hedding. B-D, mmaunxM of the soluble hu-pS*- 
TNF.R -coiniulated within 1 h in contnH untiMted culture., in oiT 
tum treated with PMA (20 mi), and in cultures treated with PV ( 100 
M«). rwpectively. 



hanced accumulation of soluble p56-R in the cell growth media 
(Fig. 1, A, B, />, and £). The small amount of binding of lOT to 
the endogenous receptors of nontransfected cells was also 
eliminated by PMA or pervanadate treatment, apparvnUy be- 
cause of shedding of these endogenous receptors (data not 
shown). The induced shedding of both the transfected and the 
endogenous receptors was rapid and could not be inhibited with 
cycloheximide but was arrested at 4 'C, indicating that it in- 
volves mechanisms that are energy-dependent but independent 
of new protein synthesis. It was not inhibited by ammonium 
chloride or by chloroquine. both inhibitors of lysosomal func- 
tions (daU not shown). The rate of spontaneous formation of 
soluble p55.R in the absence of PMA or PV was higher in the 
COS-7 cells than in the A9 cells. In addition, the COS-7 cells 
differed from the A9 cells in displaying an initial transient 
mcrease of TNF binding, apparently triggered by the growth- 
medium replacement at the beginning of the test (Fig. lEl 

The level of the transfected receptors in the A9 stable trans- 
formante varied significantly from one cell clone to another. 
Accordingly, the amounts of soluble receptors produced by the 
cells and their eventual cell-surface levels aOer shedding in- 
duction also varied in proportion to the amount of cell-surface 
receptors initially expressed by the particular clone. The tran- 
sient transfection tests, in which shedding was assessed using 
the whole transfected culture, were not affected by such inter- 
clonal variation. They did, however, display variation of an- 
other kind related to the nature of the mutanU. As exemplified 
in Fig. 2, which presenU the p55-R levels in cells expressing 
various proline-replacement muUnts of the receptor, the 
amounU of the receptors were inversely correlated with their 
efTicacy of shedding. Apparently, this inverse correlation re- 
flects an impact of the spontoneous shedding of the receptors, 
which was proportional to their rate of induced formation (com- 
pare Fig. 2, C and D with A and a ) on their steady-state cell- 
fiurface level. To account for this intermutant variation and for 
the interclonal variation observed in the A9 stable transform 
mants, we normalited the shedding data by relating them to 
the amounU of receptora in the untreated cells (see *Experi- 
mcnUl Procedures"). Since the amounto of transfected recep- 
tors were at least 10-fold higher than the amounU of endoge- 
nous receptors, the contribution of the latter to TNF binding 
w«s ignored in this calculation. 
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Urn f4 Chimenu of the pSS-R and the EGF R to Aaaest the 
Involvement of the Mqior Domains of the TNF^R in its 
Shedding 

The intraoeUular domain of the p55-R apparently does not 
participate in tU shedding (19). Tb explore the involvement of 
the transmembrane domain in the shedding, we first created a 
aeries of mutanU of the p55-R in which individual amino acid 
residues in the transmembrane domain were replaced with 
others (Pro-186 with alanine, Cys-194 with alanine, serine, or 
tyrosine. Ser-196 with alanine, threonine, cysteine, tyromne, or 
phenylalanine, and Tyr-2(M with phenylalanine) and examined 
the shedding of these mutants after constitutively expressing 
them in A9 cells. All the mutanU were found to shed normally 
(data not shown). 

Tb obtain a more comprehensive view of the involvement of 
the sequence properties of the tran s membrane domain and of 
the other m^ receptor domains in the shedding, we at- 
tempted to identify a receptor that is resistant to the shedding 
mechanism and to employ this receptor for exploring the sub- 
strate specificity in this roedumism. PMA treatment of cells 
expressing the EGF-R has been shown to result in decreased 
signaling and hi^ affinity EGF binding by this f«c«ptor. How- 
ever, in contrast to the effect of PMA on the p55-R. it does not 
affect the overall binding of EGF by cells, suggesting that iU 
effecU on the EGF-R do not refiect induced receptor shedding 
(Refs. 41 and 42 and Fig. 1. Cand Fl We therefore examined the 
way in which the shedding of the p55-R is affected by {place- 
ment of iU various regions with corresponding regions in the 
EGF-R. Since the PMA-induced modulation of the fimction of 
the EGF-R seems to be at least parUy due to PMA-induced phos- 
phorylation of iU intracellular donuun, we introduced a trun- 
cated cytoplasmic domain of the receptor lacking potential pro- 
tein kinase C phosphorylation sites into these chimeras. 

The various chimeras differed markedly in efficacy f shed- 
ding (Fig. 3). (i) Replacement of the intracellular and trans- 
membrane domains of the p56-R with the corresponding re- 
gions in the truncated EGF-R did not prevent spontaneous or 
mduced (PMA, PV) shedding (construct 2). (ii) Further replace- 
ment of the spacer region of Uie p65-R (amino acids 169-181) by 
an equally long membrane-proximal portion of th EGF-R 
spacer almost completely eliminated cleavage of the chimeras 
(construct 3), as did also deletion of the spacer (construct 4). (iii) 
A chimera contotning both the spacer of the p65-TNF-R and an 
equal-siced porUon of the EGF-R displayed effective shedding 
(construct 5; this particular chimera was veiy poorly expi e a seJ 
in transienUy transfected COS-? cells and could therefore be 
tested only when constitutively expressed in the A9 cells), (iv) 
Using monoclonal anUbodies against the extracellular domain 
of the EGF-R. we did detect small amounU of a soluble form of 
the EGF-R in the supernatant of cells transfected by the cDNA 
of this receptor (see legend to Fig. 3). However, production of 
this soluble form was not affected by PMA. Moreover, PMA did 
not cause any decrease in cell-surface expression of the EGF-R, 
indicating that the intracellulariy truncated EGF-R is indeed 
resistant to the shedding mechanism activated by PMA (con- 
struct 6. Fig. 3C). (V) Replacement of the 11 membrane-proxi- 
mal amino acids of the truncated EGF-R with the spacer of the 
p55-R markedly enhanced the formation of soluble EGF-R 
Moreover, shedding of the EGF-R chimera that contained the 
p55-R spacer was strongly enhanced by PMA, as reflected both 
in enhanced formation of the soluble form of this receptor and 
in an observed decrease in expression of the cell surface EGF-R 
(construct 7. Fig. 3C). 

T^ken together, these findings indicate that the efficacy of 
shedding fthep66-TNF-R depends on some specific sequence 
properties of the spacer region in iU extracellular domain but is 



32492 



Structural Requirements for TNF Receptor Shedding 



□ p65-fl 
■ EOF-H 



Bounce OF 




(1) 

(2) 
(3) 

(5) 

(•) 

(7) 



(A»09flt) 



(1) 

(2) P«5-R 
0) EOT 
(4) 
(5) 



PMA 




CxpvMslon (OOS-7 Mit) 

FERVANAOATC 




I maiiMikii >i M ii w *i | 



• • J 4 




EGF BXQ»<Q 
<%O^COIfTIIOU 



™Tp i^T^^"**'"" t^"" '^'^ l*^"^ hu-pSS-TNP-R; 2. the cytokine^rindin, and q>.«T 

rrxiofu or the TNF-R hnked to the tranamembrane and intracellidar domaina of the EGF-R; J. the cytokine^ndiiw »««>oo of the irNF-R linked 



Structural Reguir^ments for TNF Receptor Shedding 



32493 



F«. 4. Effect, or deletion, of 5-. 5- 

iISJT!2^ treatment forluhwith 
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DISCUSSION 
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The mechanism of shedding is. nevertheless, restricted by 
certain parameters of specificity. This is seen in the relaUve 
resistance to the shedding displayed by the cytoplasmically 
truncated EGF-R Although we could discern some formation of 
a soluble form of this receptor, the fact that PMA treatment did 
not decrease the expression of the cell-surface EGF-R suggesU 
that shedding of the EGF-R, even if it accounts for formaUon of 
this soluble form, occurs with much lower efficacy than shed- 
ding of the p66-R. This notion is further supported by the 
pronounced increase in PMA-induced shedding of ths EGF-R 
when introducing the spacer of the p55-R to it and by the 
marked decrease in shedding efficacy of the pSS-R when iu 
spacer region was replaced by an EGF-R spacer sequence. The 
specificity of the shedding mechanism is further indicated by 
the fact that certain, rather limited, changes in the spacer 
region could, quite strongly, interfere with this mechanism. 
Two kinds of changes had such an effect: (i) deletion of Val-173 
with either of iu adjacent residues and <ii) replacement of 
residue 173, 174, or 175 with proline. 

These data suggest that certain structural characteristics of 
the short spacer region in the receptor are essential and suffi- 
cient for iu recognition by the protease involved in the shed- 
ding. More deUiled analysis of these structural characteristics 
IP needed for delineation of their distinctive features. Two such 



features have already emerged: (i) Val-173. located just down- 
stream from the putotive m^r site of cleavage of the receptor, 
seema to play an imporUnt role in the shedding, as indicated by 
the decrease in shedding efficacy when this residue is deleted 
or replaced by aspartic acid, glycine, or arginine. An important 
role of Val-173 in the shedding was also suggested in another 
study of this mechanism (44). The functional importance of 
Val-173 might underlie the conservation of this residue, as well 
as of Asn.172 in the human, rat, and mouse receptors (45, 46). 
(li) Shedding seems to be strongly dependent on the conforma- 
tion of the protein at the spacer region, particularly at the 
region of the presumptive cleavage site. Apart from iU partial 
dependence on the idenUty of the residue at position 173, the 
shedding shows litUe dependence on the nature of the amino 
aad side chains in this region. The only changes found almost 
to eliminate the shedding were replacement of the residue at 
positions 173, 174, or 175 with proline. One possible explana- 
tion for the marked decrease in shedding when Val-173 is re- 
placed by proline is that this change makes the peptide bond 
between residue 173 and Asn-172 resistant to cleavage; most 
proteases are unable to process the X-Pro bond (47). However, 
the fact that replacement of residue 174 or 175 with proline had 
the same inhibitory effect on the shedding suggesU that thert* 
are some additional cause(s) of this proline replacement effect 
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It should be noted that replacement of Ly8-174 or Gly-175 with 
other amino acids had no effect on the shedding, nor was shed- 
dmg prevented by the deletion of citherof these residues. Pre- 
vention of the shedding may well be due to distorUon of the 
secondaiy structure of the protein in this region as a retult of 
the stcnc constraints imposed by introduction of the proline 
side chain into the protein (47). Also, the strong decrease in 
sheddmg efficacy caused by deletion of 3 or 5 amino acids 
downstream from residue 174 may be due to distorUon of the 
conformation of the spacer region. Alternatively, it could be due 
to a decreased accessibility of the space between the membrane 
and the rigid cytokine-binding region, resulting in a less effi- 
cient interaction of the protease with the p55-R 

The fact that cleavage of the p55-R is only slightly affected by 
the Identity of the am^r.o ncid residues in the spacer region 
even though being strongly dependent on ito conformation, may 
renect an mvolvement of multiple proteases with different se- 
quence specificities but similar dependence on the conforma- 
^uILj*" protein. It is equally possible, however, that the 
shedding is caused by a single protease that shows little se- 
quence specificity yet strong dependence on the conformation of 
the protein at the cleavage site. 

The nature of the substrate specificity observed in the shed- 
ding of the p55-R is reminiscent of the mode of function of the 
signal.peptide proteases (48). The dependence of these en- 
zymes on the sequence of the cleavage site is not strict, and 
they can cut at various positions within a region sensitive to 
cleavage. Their activity appears, however, to be critically de- 
pendent on the secondary or tertiary structure of their sub- 
strate proteins. Whether this similarity refiecta common 
mechanistic principles, and perhaps even an involvement of 
related proteases, in these two membrane-proximal cleavage 
processes remains to be determined. More deUiled information 
on the substrate specificity in the shedding of the p65-R will be 
of help in the identification and isolation of the protea8e(8) 
involved in this process. 

In principle, activation of the cleavage mechanism might 
occur as a consequence of an induced change in the receptor 
itself, which makes it more vulnerable to proteolysis or more 
accessible to the protease. Alternatively, it might be due to 
changes that affect the activity or localization of the protease. 
The observed effects of mutations in the pSS-R on its shedding 
appear to support the second possibility. As previously noted, 
the fact that cytoplasmic truncation does not affect the shed- 
ding of the receptor seems to exclude involvement of the recep- 
tor in the intracellular evenU that trigger the shedding. In 
p micular. it negates the possibility that the effect of PMA or 
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Fio. 7. EfTecta of variooa amino aeld rmUMMMta 
l^^and 174 in the ^u^^^.T'S^:^ 
C-ewe d after treatment for 1 h with PMA (SO wi)). 



Fm. B. EfTeeta of proline 
*PMer on lU aheddlnf (aa. 
PMA (SO nn) or PV (100 |im)) 
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after t re a tmen t for 1 h with 



PV on the shedding involves phosphorylation of the intracellu- 
lar domain by a PMA-activated protein kinase C or by tyrosine 
kinases (19). Further evidence against an involvement of in- 
duced changes in the receptor itself in the triggering of its 
shedding comes from the fact that the shedding and its activa- 
Uon occur even when the transmembrane domain is replaced 
by the corresponding part of a receptor that is pooriy shed. Uae 
of the cytoplasmically tmncated EGF-R in this analysis is pai^ 
ticularly informaUve since it is evident that this receptor is not 
teken up into the cell in response to PMA. The fact that PMA- 
induced shedding of the p56.R was not prevented by replace- 
ment of lU transmembrane and intracellular domains with th 
OTiresponding regions of a receptor that does not exhibit a 
PMA-induced uptake implies that the shedding is not a conse- 
quence of induced endocytosis. In an indirect way, this suggests 
that the shedding does not occur intracellularly but on the cell 
surfaw. This is supported by our observaUon that ammonium 
chloride and chloroquine, potent Inhibitors of proteolytic proc- 
esses occurring within intracellular add compartmenU (49) 
have no effect on the induced shedding of the p55-lt 

Shedding is an effective means of modulation of ce]l-surfac« 
protein expression. It can lead, rather rapidly, to the almost 
complete elimination of the cell-surface form of the p55-R and 
to the formation of significant amounts of its soluble form In 
the absence of substrate specificity, operation of this mecha- 
nism would cause cells to be largely denuded of their cell- 
surface proteins, which would obviously have a devastating 
effect on the well being of the organism. The mechanism of 
shedding of the p56-R seems to be ubiquitously expressed. This 
is indicated by the observed similarity in effecta of mutations 
on the shedding in the mouse A9 and monkey COS-7 cells. Only 
part of the mutants examined in this study were tested both in 
the A9 and in the COS-7 cell lines. However, the general pat- 
terns of muUnt effects in the two lines strongly suggest that 
Uieir shedding of the p66-R resulu from the action of the same 
or very similar protease(s). Various other cells have been shown 
to shed their p55-R in response to PMA, and probably also in 
these cells the same or a very similar mechanism is involved 
(16, 16. 19), It appeare that a wide range of activating stimuli 
converge m this particular cleavage mechanism. Changes in 
intracellular serine/threonine phosphorylation as well as in ty- 
rosine phosphorylation can both lead to iu activation, as sug- 
gested by the similar substrate requirements for PMA- and 
PV-induced cleavage. A study showing that shedding of the 
p65-R can be triggered by okadaic acid suggested that serine 
protein kinases other than protein kinase C may also trigger 
this process (60). Being responsive to different protein-phoa- 
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ph rylation mechaniBms, the shedding u liable to be triggered 
by a wide range of biological stimuli. 

It ia quite possible that there are other pnyteins that are shed 
by the same mechanism as that affecting the p66-R. However, 
as exemplified in this study by the daU on the shedding of the 
EGP.R, there are clearly also proteins that are resistant to it. 
Moreover, preliminary information on the stnictural require- 
mcnU for the shedding of other cell-surface proteins indicates 
that shedding can also occur by other mechanisms. Shedding of 
the ceU-surface^ressed TGF-o, for example, does seem to 
depend on some function(s) of the intracellular domain of this 
protein. It is prevented when the 2 C-terminal residues of 
TGF -a (both of them valines) are deleted or replaced (61). Shed- 
<^ng of the P76-TNF-R 1^ granulocytes involves, in part, iU 
cleavage by elastaae. a soluble protease that recognizes a 
rather well defined sequence motif (52). In contrast, shedding 
of the p66-R seems, even in the granulocytes, to occur solely as 
a result of the activity of some cell-bound protease(s) (62), and, 
as indicated by the data of the present study, these iff0tease(s) 
do not seem to recognize a aingle distinct sequence motif. In- 
volvement of multiple proteolytic systems in oeU-suifaoe pro- 
tein shedding is also indicated by the differential sensitivities 
of different shedding events to various protease inhibitore (63). 

Occurrence of different and independent mechanisms for the 
shedding of different ceU-surface proteins seems to moke sense 
finom a physiological standpoint in view of the different physi- 
©logical functions served by this process. A number of soluble 
receptors can, like the soluble TNF-Ra, eompete with the ceU- 
surface forms for their agonisU and thua inhibit iU function. 
Others, hke the soluble interieukin.6 receptor, are able to sub- 
stitute for the cell-surface recepton (54). There are also recep- 
tors, like CD23 (the low affinity IgE receptor), which, once 
shed, function as agonists (55). The soluble forms of many 
cell-surface proteins may have no Rmction at all but merely 
constitute a side product of the normal turnover of their cell- 
surface forms or of their down-regulation mechanisms. Further 
study of the structural requiremento for shedding of the p55-R 
will allow us to determine which other cell-surface proteins are 
cleaved in the same way. thus providing more comprehensive 
understanding of the physiological significance of this cleavage 
mechanism. 



Structural Requirements for TNF Receptor Shedding 



AcknowMgmentB-^^t thank A. Dibeman and S. Maiiel for careful 
hiindhng of the cu tur^^^^^ tHank Dr. H. Hauaer for advic. 

^IV^^T^^ HilP^i^," ^ Alkalay for pitmding 

the pEXVl vector, Dra. G. Merlino and I. PaaUn for th« cDNA of th* 
human EGF.R, Dr. D Givol for the cDNA of the mouae EGF-R. Dr A 
Ulnch for the monoclonal anU-EGF-R anUbodiat, and Dr. Y. Shechtm* 
•or advice. 

REFERENCES 

I. Ehten, M. R. W.,«nd RionUn. J, F U 99 J) BiocA*m«f rr Sft,! 0066- 10074 
a. Feni*ndet-Bolr«n, R«l991)FASffB^. 8,2S«7-2574 

* "^^^^cJi: 2s:'i4^"-T?i5:"- ^^^^^^^ M. nsss, 

6. Eny.lm««. R. Nmnck. D.. tnd W.IUeh. D. (1990) J. Biol. Chem. SS&. IMl- 

7. BrDclih.ua. M Scho«ir«ld. H, J.. Schlaefw. E. J.. Huf«ik«. W.. U«I.aer, W . 

•w*^l«»t*chef. H.(1990»/W.ArofriW, Set. t/.S. A. 87, 3127-^131 

H.. and LMslauer. W. ( 1990) CtU SI, 351-369 " • 

9. SchjII. T. J., Uwi^ M.. K0l)«r. K. J., Lw, A.. Rica. O. C, Wofif. O. H W 
GaUiMffi. T. Onin| «r. G. A.. Lrats, R. fUab. H., Kohr. W. J„ u»d Ootddei* 
D. Y{ 1990) CW/ SI, 361-370 ■ * . «» uowwei. 

10. Nophar; Y. Kmper. Br«ki»buKh. C. Enc*lmun. H.. Zwang. R. Adarita. 

^t:^ 8- J?"?* P f^^eJiXiT^^. R. 

IW. 8. K.. Connw. and Goodwin. R O. (1990) Scm» M«. 10I>- 

12. H#Uw^R A. Soni. K, On«Mh. M. A.. FWher. W W.. and ChaM. D (1990) 
Proc, Natl Acad. Sci. U. S. A «7, 6161-6165 



13. BmMOm, B., and van HufM. C. (1994) SnriMr M4. 667-666 

14. Adorka. D Eof^aun, R, ««| W.U«fc, O (1993) in 7W W«n»u.«K*or 

16. K<»h»»«.T..»rr^JlT.,Bak«^,aU8^ 

iTTi^^ V^S."- ^ ^ ^<^990iPn»c Sail AomL 

oa. If. A. A ar. 8331-6336 

" Brakobuoch. C. «id WalUth. D. (1992) 

J. Exfi. M9d. 171, S2S-329 
la Otoooii. JU Oataaata. T, OtaUbofi, Lanta, It. and Ofaagw^^ G A. (1993) 
Bmr. Cytokum NttwoHt 4, 169-180 

20. PortOTi. and Nathan, C. (1990) £171. IM 171, 599^ 
Jl. Wm*. C. F.. Cm«. p. p. VaawwIaJe, T. U Andmwa. J L., Or.y«m. M. H , 
Jwijr, R, Snith. C. A., and Goodwin. R O. (1991)^, tmmumoL 147, 4229- 
4238 

a. Hohmann. R, and WaUach. D. (1967) J, immmmoL 138, U61-1167 

Il^Wn^S, BwdrnlH. U.. nd BnMnKh. C. (19911 in IW Ar«™«, 
ractar: SInKtmn-nuKtiam i Mat ioiiMip omJ (limi^ ^■-Jfr- f,— lo,,-. 

TJ^!!?^w?*' 'iS*^- A**^ Enf^hnann. H.. and 

WaUach. D. (1993) in TWiaor ATccnrnt-Foctor; MoUaOar CeUular 
^S^^f^t^ JW««w (Fiora, W.. mnd Buormui. W. A., odi) Vbl. IV. 
^l^*^*-8.KaiiorV«fiaf.Baari.8wit.oriand 

^ ah^*^ ^ Schloarintar. J.. Oirol. D., and Moraa. B. (1991) 

9, 673-676 

n. M«rjtoo.O. UhU. a. WhrarPMc tf.. T.. Xn, y..h..ci.a, a. j. u 

a«ttj^ R. a. WilM. R. K.. II.. D. p.. IU.. B. A.. H»u. J. nTsUn^ 

wfuL } 61^ 219-219 

29. ICillor, J., and Omain, R N. (1966) Am. Jtfnt 16< 1476-1489 

30. UtUa6oJd.J.W.,1964)Mifa,»8a«,U4»-n44 

31. Ghasman^Y. (1961) Otf 88,175-182 

^ ^1i!i.V *" ^^i''^'*^^ « IfoWar B«W<» (AuwW. F M.. 

S^lii^PtrJ^ If"^* ° ° ' G • Smith. J. A.. Slruhl. 

f^i^^'^^^ 1. PP. 2.^1-8-2.3. 

t;?^ "^^ Hohmann, H., and Walladi, D. (1986) immunol. Utt. 11 
217-224 

* *«»i47' """^ * <"»■» M9. 

inncli,A. (1990)C»K*r Jtra. Mb 1S80-IS58 
38. Encrim«». H.. H<>lt«w>n. H.. Brd»b«ch. C. A™. Y. 8.. W. I., M«>h.r 

*• " • *»b«rf, P. H. (1964) MUw* m, 
AdiMKW. C. L. (I98SI BioeAim. Bir^**. A«*i Bit. 219-243 

Frijdman. B . Frackohon, A. R. Jr.. Ro... A. R. Connor*. J. FuJiki, H . 

2J£"^ ^ R (1964) 1^ Mi/t Ar«t Set US. A- 81, 

9034-3038 

Cufmii^Mj^^ C, and Well.. J. A. (1989) Srtracv 844, 1081-1085 

45. Kronko M.. 8rf««rich. P.. M^nmaior. K.. UnU. 

Sff 70?^^ »«towa. C, and Adolf. O. R ( 1990) DNA 

O . Andwaon. D.. Jcny. R, DaTia. T. Brannan. C. I.. Copeland. N. 

G. . J«kl~. N. A^i«d Smith. C. A. (1991) Wo/. CelL Bid lUsSS^ 

JSril^- ' ^ 18. 31-81 

48. Difter. R jjnd «n Heyn,. g. (1992) Thnni. BiotW Sci. 17. 474-478 
iS^TOO Holwiiu.. A. (1986) Anmm. Rev. Biachem. 66. 

5? 2!fl!ill5'';,*^^ff^' ^ * ^^^^-^ 868, 6624-6631 

54. T.. Hibi. lf. Hir.ta. Y, Ya»a«Jd. K.. Y.«k-wa, It, Mntaoda. T. 

H. rano.T, and Kirf»imoto,T. (1969) CH/ 68, 678^1 

iiuL Pkutemr 88, 13».146 



40. 
41. 



43. 
44. 



